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I INTRODUCTION

An extensive number of devices have been considered for providing
attitude control of space vehicles, Some of these have already
been successfully applied while others are in the development or
conceptual stage,

Any new concept for providing attitude control propulsion must
possess the potential of demonstrating sufficient superiority to
the existing techniques to warrant its development. That is, for
contemplated requirements it must indicate sufficient improvement
in one or more of the evaluating parameters used in selection of
a particular system to justify its pursuit., In addition, it must
be critically evaluated to determine that the concept can be im-
plemented to result in a practical, reliable design.

Positive displacement injection is basically a variant of a con-
ventional bi-propellant reaction control system which uses solenoid
valves to control propellant flow, It differs in that mechanically
linked fuel and oxidizer injectors coupled with an actuator re-
place the propellant solenoid valves.

The objective of this feasibility study has been to measure the
potential of the use of this device for attitude control propul-
sion. It has thus attempted to establish that mission require-
ments exist or will exist for which it could be logically con-
sidered, that such a system would demonstrate superior performance
to other possible schemes to warrant its selection for some of
these missions, and that the operating principle can be practically
mechanized.

I1 RESULTS AND CONCLUSIONS

The results of this study are summarized below:

a. Mechanical design of a reliable injector with adequate
frequency capability and extended life appears entirely
feasible.

b. A wide range in terms of total impulse requirements exists for
which bi-propellant reaction control systems will represent
the minimum weight attitude control system,

c¢. The requirement for systems in this range has been increasing

and should continue to increase as programs of greater com-
plexity develop.
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d. The inert weight of components required by either a con-
ventional bi-propellant system or one using the positive
displacement injection principle will be essentially the
same,

e, As the total impulse requirement increases the propellant
weight becomes the predominant element of the system weight.
The weight of inert components comprising the system therefore
does not represent the potential saving in total system weight
that can be achieved thru application of higher energy pro-
pellants or more efficient wutilization of a particular pro-
pellant combination.

f. The positive displacement injector indicates considerable
promise of being capable of operating in a manner which will
result in materially improved propellant performance and thus
reduced system weight.

The technique utilized would be to inject the propellants
into the combustion chamber within the propellant ignition
delay time. Operation at high mean chamber pressure and con-
sequent capability of using high nozzle expansion ratios
within a reduced envelope is thus feasible. This results in
an increase in theoretical propellant performance. Improve-
ment in C* efficiency also appears possible., A discussion
of the operating principle is contained in the body of this
report.

In view of the indicated potential of the positive displacement
injector for significantly improving propellant performance of a
pulse engine, it is concluded that this device would be applicable
to systems normally requiring a pulsing mode of operation for
attitude control. A program for test evaluation of the injector
to verify its capability of improving propellant utilization is
thus suggested. A description of such a program is contained in
Section VII.

IITI MISSION REQUIREMENTS

Ideally, applicability of the positive displacement Injection
principle potential would be accomplished by a comparative evalu-
ation of systems using this device with other possible systems
capable of satisfying mission requirements for definitive future
applications. Demonstration of the superiority of the use of

the injector for a number of these missions would clearly estab-
lish a need for such a device and justify its development.

2 12
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Such an approach imposes the condition that control system re-
quirements for advanced applications are defined. The results
of a survey conducted as a part of this study program indicated
that planning in such fine detail as to include specification
of this subsystem 1s not common,

A questionnailre soliciting this type of information was prepared
and submitted to wvarious government agencies and industry prime
contractors., In general, response to the questionnaire was re-
stricted to data on applications either operational or in develop-
ment,

Though the survey did not provide detailed information on specific
future missions, it did serve two useful purposes., It provided a
base for estimating order of magnitude requirements for future
applications compatible with the more complex missions which will
result as booster capability increases., It also indicated past
and present trends in control system techniques. Information of
this type even for developed vehicles has been meager and is only
now becoming available in published compilations (Reference 1).

The results of this survey have been compiled and are included in
Appendix A, It must be noted that the data presented in many
cases probably does not represent the latest requirements. Some
of the information was obtained from preliminary specifications.
In other instances, changes have undoubtedly been made during the
course of programs which would not be reflected in this com-
pilation.

The survey results have been classified into two basic groups.
The first of these include that class of missions for which the
attitude control system's normal mode of operation will consist
of single impulse corrections. That is, it will correct for
impulsive disturbances or prolonged disturbances of low magnitude
for which continuous operation of the control system would not

be practical and in limit cycle. Earth orbiting vehicles of the
non-maneuvering type are the prime representative of this class.,

The second group of missions include those for which a high duty
cycle possibly including long periods of steady state operation

is to be expected. Under such conditions, a capability for pulse
width modulation appears desirable. 1In general, steady state
operation will result in a performance improvement compared to a
pulsing engine producing the same total impulse over an equal

time increment. The positive displacement engine limited to impulse

3 i3
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bit operation would usually not be competitive with a conven-
tional system capable of pulse width modulation for this type of
mission. Representative of this latter class are attitude control
engines for use during thrusting phases of booster operation,
missions requiring mid-course or other maneuvering as a significant
percent of the control systems total impulse capacity or control
during high magnitude disturbances of a prolonged duration such

as for earth re-entry.

The positive displacement injector under consideration is thus
primarily suited to missions requiring a pulsing mode of operation.
For this application, the feasibility of the device was investi-
gated using estimated requirements for missions of this nature

as will be described in Section IV.

Based on the compilation of control system requirements and types
of systems applied to date, the following general conclusions can
be drawn:

a. Total impulse, thrust level and impulse bit magnitudes have in
the past been low for orbiting type vehicles.

b. Cold gas, monopropellant and reaction wheel systems have been
applied to vehicles using an active type of control system to
a much greater extent than the high energy bi-propellant sys-
tem. However, the bil-propellant system is now finding greater
application as total impulse requirements increase.

Payloads for both orbiting type missions and those requiring pro-
pulsion phases have in the past been restricted by booster capa-
bility. Development of the Saturn and Nova class of boosters
will permit much more complex missions of extended duration and
with much heavier payloads. These more complex missions should
produce a greater requirement in terms of control system total
impulse capability.

The Gemini and Apollo programs illustrate the trend toward a
higher total impulse capability which has resulted in the selec-
tion of a bi-propellant system. The propellant weight would be
excessively high if monopropellants or cold gas were to be used
for these applications. A reaction wheel or other inertial sys-
tem is not feasible for this type of requirement as will be dis-
cussed under the consideration of various systems.

In that definitive requirements were not available, it was necessary
to adopt a revised approach to establish a basis for evaluating

4 14
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the applicability of the positive displacement injector.
Assumptions in terms of the control system's total impulse,
thrust level and impulse bit requirements were necessary. This
1s disucssed in Section IV, It was still desirable to attempt
to predict advanced mission requirements to establish that the
assumed values for design parameters were of the right order of
magnitude and also to establish the basis for the preliminary
design of a particular system using the positive displacement
injection principle. The latter is a part of this study program
and is described in Section VI of this report.

The data for the class of missions compatible with a pulse sys-
tem was thus considered. A relationship in terms of the payload
weight and time in orbit was evident and appeared to present a
simplified method of predicting order of magnitude control system
requirements. Using payload weight as a parameter is also desir-
able in that booster capability can be conveniently represented.

Data points were thus plotted and a relationship in terms of total
impulse versus payload weight established. This relationship is
depicted on Figure 1. It must be realized that the presentation
is only order of magnitude. Data points reflected a wide scatter
as would be expected in that a particular mission requirement is
dependent upon numerous factors other than payload weight, These
include pointing accuracy, vehicle configuration and moments of
inertia, slewing requirements and the anticipated disturbances to
which the vehicle is likely to be subjected.

A further estimate in terms of thrust level and impulse bit again
related to payload weight was made and is presented on Figure 1.
These values can also only be considered very approximate with
considerable variation on either side to be expected dependent
upon particular mission requirements.

Referring to Figure 1, it is to be anticipated that control sys-
tem total impulse requirements will increase as the Saturn and
Nova type boosters become available., The systems comparison
analysis for this study based upon this projection should thus be
extended to total impulse requirements or its equivalent well in
excess of those values which are representative of present day
applications,

15
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IV COMPARATIVE EVALUATION OF SYSTEMS FOR ATTITUDE CONTROL PROPULSION

A, Positive Displacement Injection Concept

The first step required in evaluating the potential of the
positive displacement injector was a consideration of the
mechanical design of the device and its operating characteristics.

(1) General Description:

The positive displacement injector (PDI) is a propellant metering
pump similar to a fuel injection pump for an internal combustion
engilne, It is designed to inject accurately measured quantities
of fuel and oxidizer into a thrust chamber at a pressure level
required to produce a desired injection velocity. The propellant
is pressurized within the injector therefore permitting the use
of a low pressure feed system,

(2) Mechanical Design:

A schematic representation of three PDI designs is shown in
Figures 2 through 4, Figure 2 shows a gas actuated piston type
design., The main components of this system are the piston,
bellows, check valve, and poppet valve. Fuel is fed into the
injector at supply pressure filling all cavities. When the plston
is actuated, the check valve is in the closed position and the fuel
is pressurized to the desired level. The high pressure opens the
poppet valve and the fuel is injected into the thrust chamber at
the desired injection velocity. The metallic bellows provides a
positive dynamic seal between the piston shaft and its housing.
The bellows also acts as a spring returning the piston to its
original position after the injection stroke. Close fits between
the piston and housing and the poppet valve and housing minimize
fuel leakage during the injection stroke. Any fuel leakage past
these components is returned to the supply system,

Figure 3 shows a gas actuated bellows type PDI. 1In this design

a bellows instead of a piston is used to pressurize and displace
the required volume of fuel. When the bellows is being extended,
the increased pressure opens the poppet valve injecting a pre-
determined volume of fuel into the combustion chamber. The check
valve seals the feed system from the high pressure, The poppet
valve is dynamically sealed by a bellows. The close fits used

for sealing the piston type PDI are eliminated in this design,

The bellows spring force returns both the poppet valve and pressur-
izing bellows to their original positions after the injection

stroke.
17
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The third design (Figure 4) is a piston type PDI without a check
valve, The piston takes over the function of a check valve by
opening and closing an inlet port. In the open position, supply
pressure fuel is fed through this port priming the poppet valve.
On the down stroke the piston closes this inlet port sealing

the high pressure from the feed inlet. The piston is position
sensitive relative to the inlet port, therefore, a piston
position adjustment is included in the design. The operation

of this system is identical to that of the piston with check
valve design (Figure 2) previously discussed,

Figure 5 shows the two actuating systems., One system used a gas
driven piston to actuate the fuel and oxidizer pistons on the in-
jection stroke. The return stroke is accomplished by the piston
bellows spring force. Gas flow is controlled by a solenoid pilot
valve., The gas piston is attached to a single mechanical yoke
which contacts both fuel and oxidizer piston rods. Synchronous
actuation of the fuel and oxidizer pistons is obtained with this
system.,

The other actuating system is the reverse of the gas actuating
system, In this design, a spring is used to drive the gas piston
on the injection stroke. Gas pressure is used to drive the gas
piston for the return stroke. 1In the design shown continual

gas input would be required to keep the mechanism cocked result-
ing in a considerable gas weight penalty. This feature could be
eliminated by using a bellows as a positive seal, however, this
complicates the design, therefore lowering reliability.

The designs described above are all feasible, mechanically simple
methods of accomplishing the PDI principal. The piston type de-
sign is similar to that used successfully in Diesel injectors.

It's undesirable feature is the close fit required between the fuel
and oxidizer pistons and their housings.

The bellows displacement PDI eliminates the requirement of a close
fit between the piston and housing. This design also reduces the
envelope of the injector by the elimination of the piston length,

Elimination of the check valve from the piston type PDI increases
the piston stroke and therefore increases the required amount of
pressurizing gas. This system can be used only with the piston
type PDI.

The common feature of these designs is the separation of components
facilitating optimum packaging. Separating the check valve from
the injector piston makes the valve independent of the piston size.

18
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Variations in the impulse bit obtainable with these designs was
considered. It was concluded that the minimum impulse bit engine
1s basically controlled by the injection orifice size rather than
other considerations such as minimum piston diameter or stroke.
To achieve a propellant injection velocity of the order of 100
feet per second and to keep the injection orifice to a practical
size, an impulse bit of approximately 0.10 lb-secs is considered
a8 minimum obtainable, There is no particular restriction on the
maximum impulse bit. Designs can be scaled to produce virtually
any impulse bit above the minimum,

A survey showed that materials are available which are compatible
with the propellants investigated in this report., The device is
thus applicable to a wide range of propellant combinations.

8 19
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POSITIVE DISPLACEMENT INJECTOR
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(3) Dynamic Analysis:

Four designs of the Positive Displacement Injector; pressure
actuated piston type (Figure 2), pressure actuated bellows type
(Figure 3), piston type PDI without a check valve or port type
(Figure 4) and spring actuated - gas returned piston type

(Figure 5) were analyzed. They were compared on the basis of the
ability to inject accurate quantities of propellant, pilot valve
weight and power requirements, the amount of nitrogen required
per pulse, injector weight and pulse repetition rate.

The comparison was made for an injector designed for a 0.1 1b.

sec., impulse bit, The propellants were N204 and a 50-50 blend of
UDMH, NoH, having a theoretical specific impulse of 316 seconds

at an oxidizer-fuel ratio of 1.4, For pulse operation, this speci-
fic impulse was degraded to 80% of its steady-state value. Other
parameters were: 100 feet per second propellant injection
velocity; 400 psi chamber pressure; 80 psi propellant feed pres-
sure; and 300 psi nitrogen supply pressure,

a. Ability to Inject Accurate Quantities of Propellant

The ability to inject the desired quantity of propellant per stroke
depends on the accuracy of the bellows or piston and cylinder
diameters and of the stroke. The critical diameters of the three
piston type of injectors can be machined to tolerances of + .,0002
inches., Bellows cannot be obtained with quite this degree of pre-
cision; however, the use of matched pairs could overcome this
difficulty., There would not be any difference in the accuracy

of the stroke for any of the four types,

b. Pilot Valve Weight and Power

The weight and power requirement of the solenoid pilot valve
depends on its orifice diameter and response time. Since the same
pilot valve response would be desired for each type of injector
the orifice diameter would be the controlling factor. The orifice
diameters for an injector actuation time of 10 milliseconds, which
would be required for a 10 pound thrust engine with a 0.1 1b. sec.
impulse bit, are shown in Table 1. Since they are so similar
there would not be any significant pilot valve weight or power
differences between any of the four types of injectors.

These diameters were obtained from curves similar to Figure 6
which shows the injector response vs, pilot valve orifice diameter
for the pressure actuated type of injector. These curves, and any

9 2 q
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others which show the response of the injector, were plotted using
points obtained from the solution of the equations in Appendix
"B", The equations for "fill', "actuate' and ''return' have been
programmed for solution by the IBM 704 digital computer. The
"£111" time is the time required to fill the volume above the pis-
ton to a pressure high enough to overcome the resisting force and
start the piston moving. 'Actuate' is the time required for the
piston to move thru its stroke and inject the propellant. 'Vent"
is the release of the gas pressure in the cylinder to the point
where the pilston starts to move., ''Return' is the return stroke.
"Total" is the sum of the fill, actuate, vent and return time.

The total cycle time of the injector will be this ''total' time
plus the cycle time of the solenoid pilot valve. Since the re-
sponse of a solenoid valve can be changed by using pulse shaping
or changing the solenoid, the "P.D.I. cycle time'" in this dis-
cussion will refer to the pneumatic portion of the injector only:
i.e.,: the above ''total" time.

¢c. Injector Weight, Volume of Nitrogen Required Per Stroke
and Pulse Repetition Rate

Injector weight and size will be affected by the actuator piston
area, If the piston area for one is much larger than another, it
will require a larger and heavier injector. The amount of nitro-
gen required per stroke depends on the length of the stroke, the
area and the volume between the top of the piston and the pilot
valve orifice., This volume was taken as 0.1 x (actuator piston
area) in order to simplify the calculations. The stroke was 0.14
inches which was obtained by using a stroke/oxidizer piston dia-
meter ratio of 0.7, This ratio was found to produce the smallest
error in volume due to stroke and diameter tolerances (see
Appendix C). The actuator piston area was obtained by varying
the spring rate, preload and area to determine their effect on
response, and then selecting the combination which resulted in
minimum P.D.I. cycle time and piston area,

Figure 7 shows that the spring rate has comparatively little
effect on the total time., Since design considerations such as
the desired spring preload, and available bellows, spring sizes
and space would most likely be important enough to govern the
actual spring rate, a representative value of 50 pounds per inch
was used for this study. Thg pilot valve orifice diameter used
was 0.,0252 inches (.0005 in.“ area). Curves of actuator piston
vs, response, such as Figure 8 for the pressure actuated type,
were plotted for various values of preload and were used to
obtain Figures 9, 10 and 11. They show preload vs. minimum cycle
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time, actuator piston area for minimum cycle time and actuation
time at minimum cycle time., The spring preload used was the

one which resulted in the minimum cycle time, as shown in

Figure 9., The actuator piston area for this preload was obtained
from Figure 10, and the actuation time from Figure 11, The re-
sults of this study, Table 1, show that there is not enough of

a difference in the actuator piston areas to effect the injector
size and weight., The pressure actuated and bellows types use

the least amount of nitrogen per pulse. They and the spring
actuated type have the same pulse repetition rate capability and
one that is greater than that of the port type of injector design.
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B. Evaluation of Various Systems

The design analysis provided a means of estimating injector
component weight and actuating gas requirements requisite to a

PDI control system weight estimate. It was now possible to
evaluate the positive displacement injector concept by comparing
it to various alternative systems capable of producing a specified
control function. The procedure used and the results of this
analysis are discussed below:

(1) Selection of Alternative Systems and Evaluating Parameters:

Numerous methods have been considered for attitude control of
space vehicles. A survey of these techniques is contained in
References 1, 2 and 3, Most prominent among those used to date
for active type systems have employed the mass expulsion prin-
ciple or have been of the inertial type.

As previously explained, in evaluating the potential of the posi-
tive displacement injector, application has been restricted to
missions which would normally operate in a pulsing mode., It was
further necessary to restrict the comparison to the more obviously
competitive alternates and also to define the evaluation para-
meters considered significant to limit the scope of the study.

Inasmuch as the positive displacement injection principle is of
the mass expulsion type, it is logical that the basic comparison
should include consideration of other systems of this nature.
This evaluation becomes even more appropriate based upon the exis-
tence of many systems of this type which provides a realistic
measure of comparison. Theoretical performance analysis can be
supplemented with practical limitations which in many cases sig-
nificantly influence competitive selection. 1In addition to

other mass expulsion systems, it is also however necessary to
consider systems of the inertial type. The reaction wheel system
has been used in this study as representative of this class in
view of its advanced development and application.,

The most significant general parameters used in selecting a
reaction control system for an application are the total system
weight to satisfy the mission requirements and reliability. These
parameters and particularly the former have been used in this
study. This does not mean to infer that the many other parameters
required to optimize a selection can be neglected or would not in
some instances override a system selection based upon weight and
reliability considerations alone. However, a generalized treat-
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ment to establish feasibility of concept can be established using
only these parameters while recognizing that eventual application
to a particular mission must evaluate other factors such as state-
of-the-art, lead time, compatibility with the environment and

life requirements, envelope limitations, etc.

The mass expulsion type systems considered in this evaluation
included cold gas, monopropellant, the conventional bi-propellant
system and electric propulsion techniques.

(2) Assumptions Required for Evaluation:

A set of assumptions was made and system weight estimates cal-
culated, The major assumptions or considerations are described
below:

a. Systems of the various types would be estimated for various
total impulse requirements from 100 to 500,000 pounds-seconds.
As systems become obviously non-competitive on a weight basis
further computations would not be made, In the case of the
electric propulsion and bi-propellant systems the require-
ment was later extended to 1,000,000 pound-seconds,

b. A pulsing mode of operation was specified and an assumed
degradation in theoretical performance based upon avail-
able data applied. For instance, it was assumed that bi-
propellant performance would be 80% of theoretical perfor-
mance operating at pulse widths of the order of ten milli-
seconds. (Note: Actual degradation is dependent upon pulse
frequency and thrust level in addition to pulse width, The
80% of theoretical performance used in this analysis is thus
only applicable to a particular set of conditions; typical
pulse width, duty cycle and thrust level. For other con-
ditions a different figure would be required),

c. Nitrogen gas was used as representative of the cold gas
systems, 90% hydrogen peroxide for the monopropellant systems
and the basic comparison for the bi-propellant systems was
made for the nitrogen tetroxide - 50% hydrazine - 50% UDMH
propellant combination.

d. Other detailed parameters such as tankage safety factors,
shape, material properties, storage pressures consistent
with the system under consideration were specified,
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e. A direct comparison in the terms used for the mass expulsion
systems was not possible considering the reaction wheel con-
cept. Further assumptions in terms of vehicle size and
inertia were required and a restriction placed on the nature
of disturbances compensated.

(3) Results of Analysis:

As initilally analyzed, operation of the positive displacement
injection system was similar in principle to that of a conventional
bi-propellant system. That is, the injector would provide pro-
pellant to the chamber over a pulse duration of the order of ten
milli-seconds as would be the case for a conventional system

using solenoid valve control. It was anticipated that the bi-
Propellant system would satisfy a range of total impulse require-
ments and that the injector principle would be superior to the
conventional system for a portion of this range based upon a
number of considerations such as:

a. Using the positive displacement injector allows use of a low
pressure propellant feed system with a resulting reduction in
tankage and line wall thicknesses and hence lower weight,

The low pressure feed system is possible in that the increase
in propellant pressure takes place in the injector rather than
in the propellant tanks.

b. An improvement in the accuracy of the impulse bit and 0O/F
ratio should result in a reduced propellant requirement. As
the total impulse requirement increased, such effects were
expected to overcome the slightly heavier weight of the in-
jector compared to the conventional system's valving and
thus reflect a superiority of this system on a weight basis.

The first approach to the System comparison evaluation is pre-
sented on Figure 12, Basically, the conclusions drawn from this
analysis were:

a. Application of a bi-propellant system will result in the
minimum weight chemical mass expulsion system over a wide
range of total impulse requirements,

b. Inertial type systems on a weight basis can be very com-
petitive providing requirements are compatible with saturation
limitations of this device and are not of very high torque
magnitude. This result suggests that this system combined
with a mass expulsion system for desaturation and for high
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impulsive perturbations would produce an optimized arrange-
ment for some applications,

c. Consideration of the potential of the positive displace-
ment injection principle can be restricted to detailed
comparison to the conventional bi-propellant system.

That is, bi-propellant systems of the conventional or PDI

type appear optimum for a wide range of total impulse re-
quirements., The alternative systems considered would not be
weight competitive to either of these systems over this range.
Thus, detailed consideration of systems in this range can be
limited to systems of the bi-propellant type.

The comparative analysis of the PDI and conventional bi-
propellant system has thus been considered in detail with
respect to each other. This comparison including considera-
tion of additional propellant combinations to the basic NyO4-
50% UDMH, 50% NpH, 1is contained in Section C.

d. Propellant represents the predominant system weight element
for the higher system total impulse requirements.

e. The weight of a bi-propellant system using conventional valving
or the PDI concept is substantially the same,
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(4) Comments on Other Systems Analyzed:

The comparative analysis, in addition to the bi-propellant systems,
considered nitrogen gas, 90% hydrogen peroxide monopropellant, var-
ious types of electric propulsion systems and a reaction wheel
system. The potential and limitations of these alternate systems
is commented on below.

a. Cold Gas System

A cold gas system is restricted to a low value in terms of total
impulse by virtue of its poor density impulse, It possesses a
number of other characteristics favorable to its selection beyond
a weight consideration which has resulted in its extensive appli-
cation to date. Among these are its simplicity, advanced develop-
ment and low cost. Thermal problems associated with the hot gas
systems are also non-existent, It is furthermore capable of
operating at extremely low thrust levels and impulse bits with
virtually no limitation on the lower magnitude of either.

This system thus deserves serious consideration for either a
pulsing or steady state requirement as long as the total impulse
magnitude is not sufficiently high as to impose an unacceptable
weight penalty, Unfortunately this limitation occurs at very
low values, Practical engines operating with cold gas are also
limited to fairly low values of thrust. Usually, however, high
thrust levels are also associated with high total impulse require-
ments and thus the system would have already been excluded from
consideration on this basis. Continued extensive use of this
type system is to be expected for the smaller scientific payload
type of mission.

b. 90% Hydrogen Peroxide Monopropellant System

Hydrogen Peroxide was selected as the Propellant to be used in

this comparison in view of its extensive application and capability
of catalytic decomposition. It was selected rather than other
Propellants with higher specific impulse because of the relative
simplicity of this system. Other monopropellants in terms of
handling or initiation of decomposition can be more complex than

a bi-propellant system and still not be capable of achieving a
comparable specific impulse,

The monopropellant system studied is limited to relatively low
total impulse applications in view of its low specific impulse.
For pulsing operation this system is poor considering the relatively

16 39

WRIGHT AERONAUTICAL DIVISION - CURTISS-WRIGHT CORPORATION WOOD-RIDGE. N. J.. U.S.A.



long delay in initiating decomposition (References 1 and 6).

It would show to somewhat greater advantage for a system
requiring long duration pulses but on a weight basis would still
be restricted to low values of total impulse, the order of several
thousand pound-seconds.

¢c. Electrical Propulsion Systems

Electrical propulsion systems were also investigated. Considering
present day technology, application of such systems for attitude
control appears limited to very high total impulse requirements
mainly due to the high weight of the power supply required. Con-
tinuing development will undoubtedly result in substantial reduc-
tions in the weight of power supplies per kilowatt which will
improve the competitive position of this type of system,

d. Reaction Wheel System

Inertia wheel and propellant utilizing systems do not directly
lend themselves to a comparison unless it is for a specific vehicle
and mission with all control requirements completely defined. 1In
investigating the potential of this type of system it was neces-
sary to make some additional assumptions to determine the relative
potential of this class of systems.

After defining a vehicle in terms of size and other parameters,
notably satellite moment of inertia, the control system was in-
vestigated based on capability of correcting external disturbances
of constant torque and between stable limits or not subjected to
external disturbances of a non-cyclical nature, The investigation
indicated that the weight of an inertial wheel system is pro-
hibitive if it must correct unidirectional torque of appreciable
magnitude and is not complemented with a mass expulsion or other
system capable of desaturating the wheels. The nature of this type
correction is such that for every increment of impulse expended,
the angular velocity of the flywheel increases by an equivalent
amount. Minimum weight for such a system can be established using
the hoop stress of a simple hollow cylinder rotating about its
centroidal axis to determine saturation speed. The imposition of
the requirement for uni-directional torque capability does not
permit a feasible system,

On the other hand, for cyclic disturbances or limit cycle opera-
tion the system based on the assumed vehicle appeared very
attractive on a weight basis. This has been seen on Figure 12,
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Such a result suggests combining this type of system with a mass
expulsion system for many types of applications. The mass
expulsion system provides capability for uni-directional torquing
requirements and also for desaturation of the reaction wheels,
The wheels in turn provide a light weight system for counter-
acting disturbances of a cyclic nature or for limit cycle opera-
tion. Such a combination has, in fact, found favor in many
applications as can be seen in the survey results (Appendix A),

(5) Reliability Considerations:

In addition to investigating the weight of the two types of bi-
propellant systems, relative reliability was considered as an
evaluation parameter.

A reliability analysis was thus performed to compare the PDI
to a conventional solenoid valve arrangement, The results in-
dicated a negligible difference between the two concepts., The
failure mode analysis is shown in Appendix K,

The reliability comparison was restricted to a consideration of
the injector contrasted to a pair of valves or dual pintle valve
required by a conventional system in that either system will re-
quire essentially a like number and kind of other components,
The basic difference is thus restricted to the flow control
device.,

Several considerations which would favor use of the injector are
not reflected in the analysis. These include:

a. The injector solenoid valve will be more remote from the
chamber heat source than would valving for the conventional
pulse engine,

b. The injector solenoid valve will be handling nitrogen gas
rather than propellant, The latter normally presents a more
severe operating condition.

Derating factors were not available to reflect these more optimum
operating conditions and thus a quantitative evaluation of their
effect was not possible,

The Failure Mode Analysis was based on the pressure actuated pis-
ton type design. It is however also representative of the other
PDI designs considered though minor changes would result in the
failure rates for each. For example, use of the port type design,

18
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which would allow removal of the check valves preventing pro-
pellant leakage back to the supply during pressurizing stroke,
would result in slight improvement in the reliability estimate,
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C. Comparison of PDI and Conventional Bi-Propellant Systems

Details of the analysis of the PDI and conventional systems used
in the comparative Systems evaluation are considered in this
section, 1In addition to the basic pPropellants, other combina-
tions were investigated. The effect of propellant selection on
system weight is illustrated., Modifications to the injector
analysis required by the various propellant combinations were
also determined and are outlined,

(1) Systems Weight Analysis:

A systems weight analysis was performed to compare PDI to the
conventional bi-propellant system. The gas actuated piston type
PDI was used for this study,

The design criteria Previously described was used as the basis
for the weight analysis. The propellant combination NyO, -

507% UDMH, 50% NoH, was used for the study. Two other propellant
combinations, 0, - H2 and OFZ - B2H6 were also investigated to

determine their effect on system weight. The 0p - Hy combination
is cryogenic and OF, - BoH, combination a space storeable cryo-
genic, Storeability of these Propellants was not considered in
this analysis; i,e. it was assumed that propellant supplied to
the injector was in the liquid state. These combinations were
used because they fairly represent the three classes of pro-
pellants, earth storeable, deep cryogenic and mild or space
storeable cryogenic.

System total impulses of 1000, 10,000, 100,000 and 1,000,000
lb~sec and corresponding impulse bits of 0.1, 0.5, and 1.0 1b-sec
were analyzed., Chamber pressures for these total impulses were
optimized for minimum system weight for both the PDI and the
conventional system. These optimum chamber pressures (Appendix D,
Figure D2) were used for the weight study,

Results of the weight analysis for the NoO4 - 507 UDMH 50% NoH,

Propellant combination are shown in Tables 2 and 3, They show
the PDI slightly heavier than the conventional system in the
range of 1000 to 20,000 lb-secs total impulse. At these low
total impulses the PDI injector is heavier than that for the con-
ventional bi-propellant system, The propellant volume is small,
therefore, propellant tanks for both systems are at minimum
thickness despite the higher tank pressure in the conventional
system. Therefore, the PDI system gains no weight advantage due
to the low pressure feed at these low total impulses.
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From 20,000 to 1,000,000 lb-secs the weight difference between the
PDI and conventional bi-propellant systems is negligible. The

low optimum chamber pressure (50 psi) at these high total impulses,
considerably reduces the weight advantage of the PDI propellant
feed system over that of the conventional system. PDI tankage
weight could be lowered by lowering the propellant storage tank
pressure below 80 psi. The 80 psi tank pressure was used to ob-
tain a temperature range of 40°F to 140°F for the N,0, - 50%
UDMH/50% NoH, propellant combination. The weight aavantage of

the PDI system is further offset by the increased nitrogen gas
requirement for actuating the PDI pistons. Nitrogen gas require-
ments are discussed in Appendix D. The net effect is a negligible
weight difference between the two systems,

An analysis (Appendix G) was performed to investigate the effect
of O/F ratio and impulse bit accuracy on system weight for both
the PDI and conventional bi-propellant systems. The results are
shown in Table 4. The more accurate O/F ratio and impulse bit
control of the PDI gives it approximately a 3% system weight ad-
vantage over the conventional system between 100,000 lb-sec and
250,000 lb-sec total impulses, At the lower total impulses
(1000 lb-sec to 10,000 1lb-sec) the PDI system is heavier than
the conventional system despite better O/F ratio and impulse bit
accuracy,

Table 5 shows the results of the weight analysis of a PDI system
for the two alternate propellants, Oy - Hy and OFp - BoHg. A
total impulse of 100,000 lb-sec and impulse bit of 0.5 lb-sec
were investigated. The 0Oy - Hy and OF, - BgHg systems showed

weight improvements of approximately 23% and 20% respectively,
over the Nj0, - 50% UDMH, 50% NoH, system. The major portion of

the weight saving is due to the higher specific impulses of these
propellants,

The advantage to be gained in terms of reduced system weight by
use of the high energy propellants is quite evident. However,
considering the cryogenic nature of these combinations the sys-
tem weight saving for many missions may be offset by insulation
requirements and '"boil-off" losses. An attitude control system
with a high total impulse requirement usually will represent a
mission of extended duration; (particularly if the system is com-
patible with a pulsing mode of operation); thus, storage consider-
ations would be significant to propellant selection. The indicated
space storage characteristics of the mild cryogenics such as OFj-
B2H6 makes it appear that the potential of such a combination

21 41

WRIGHT AERONAUTICAL DIVISION * CURTISS-WRIGHT CORPORATION * WOOD-RIDGE. N 5 U s



applied to the PDI for attitude control is much greater than com-
binations such as 0y - Hy.

It is concluded from the system weight analysis that at high

total impulses (100,000 to 1,000,000 lb-sec) hardware weight is

10% to 15% of the system weight, Therefore, the potential weight
savings that can be made in hardware is small compared to the total
system weight, It is apparent that improved propellant consumption
would cause a considerable system weight saving since propellant

is the main weight element of the system,
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SYSTEM WEIGHT

Positive Displacement Injection

N204 - 50% UDMH/50% NoHy

Impulse bit, lb-sec 0.1 0.5 1.0 1.0
Thrust, 1bs. 10 50 100 100
§ | Total impulse, lb-sec 103 104 10° 10°
E% Expansion ratio 40 40 40 40
§ Chamber pressure, psi 200 200 50 50
) Tank pressure, psi 80 80 80 80
80% Theoretical Isp, sec. 254 254 250 250
8 Thrust chambers 5 2.0 6.0 6.0
8 Injectors 9.6 12.5 16.9 16.9
@ Propellant tanks .3 1.6 6.0 60.0
ﬁi Expulsion bladders .1 .5 2.0 9.5
E% Propellant 3.9 39.4 400.0 | 4000.0
= Gas + gas tank .6 4.6 30.0 | 300.0
Lines .5 1.3 2.5 4,1
Controls 1.0 1.0 1.0 1.0
Total 16.5 62.9 | 464.4 | 4397.5
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SYSTEM WEIGHT

Conventional Valving

N2O4 - 50% UDMH/ 50% NoHy

Impulse bit, lb-sec 0.1 0.5 1.0 1.0
Thrust, lbs. 10 50 100 100

S | Total impulse, 1b-sec 103 | 104 | 105| 106
%% Expansion ratio 40 40 40 40
§ Chamber pressure, psi 200 150 50 50
Tank pressure, psi 384 334 234 234

80% Theoretical Isp, sec. 254 253 250 250

8 Thrust chambers 5 2.0 6.0 6.0

8 Injectors 2.7 8.2 16.4 16.4

o Propellant tanks .3 2.5 15.0 | 160.0
ﬁi Expulsion bladders .1 «5 2.0 9.5
Ei Propellant 3.9 39.6 | 400.0 |4000.0
= Gas + gas tank .3 2.0 14.0 145.0
Lines .5 1.3 2.5 4.1
Controls 1.0 1.0 1.0 1.0
Total 9.3 57.1 | 456.9 |4342.0

Table 3
47
WRIGHT AERONAUTICAL DIVISION * CURTISS-WRIGHT CORPORATION * WOOD-RIDGE. N. J.. U.

S.

A.



EFFECT OF O/F RATIO AND IMPULSE BIT
ACCURACY ON SYSTEM WEIGHT

P.,D.1. Conventional
Ip It W W+aW W W+aW
1b., sec, 1b. sec. 1bs. 1bs, 1bs, 1bs.
.1 . 1,000 16.5 16.9 9.3 9.8
.5 10,000 62.9 67.0 57.1 61.6
1.0 100,000 464 .4 503.4 456,9 522.8
1.0 250,000 1121.0 1218.5 1094.,5 1257.3

aW = Increased system weight based on O/F ratio control and
impulse bit repeatibility.
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SYSTEM WEIGHT

Positive Displacement Injection

Alternate Propellants

Propellants 02 - Ho OF2 - BoHg
Impulse bit, lb-sec 0.5 0.5
o Thrust, Libs. 50 50
éi Total impulse, lb-sec lO5 10°
g Expansion ratio 40 40
A Chamber pressure, psi 50 50
Tank pressure, psi 15 15
80% Theoretical Isp, sec. 342 317
8 Thrust chambers 3.2 3.2
8 Injectors 12,5 12.5
5 Propellant tanks 6.1 5.5
ﬁi Expulsion bladders 2.0 2.2
%% Propellant 292.0 316.0
= Gas + gas tank 34.2 26.0
Lines 2.0 2.0
Controls 1.0 1.0
Total 353.0 369.0

Table 5
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(2) Dynamic Analysis (Various Propellant Combinations):

In support of the system weight analysis described above, analysis
of the PDI dynamics was conducted, The results of this analysis

N204 and 507% UDMH, 50% N2H4
02 and HZ

The figures are based on the following conditions:

0.5 1b. sec. Impulse Bit

50 psi Combustion chamber pressure
300 psi Nitrogen supply pressure

50 1b/in Spring rate

0.025 in, Pilot valve orifice diameter

The volume of the Space between the top of the piston and the
valve orifice = 0,1 (actuator piston area)

Spring preload = ¢

Specific impulse for pulse operation = 0,8 (theoretical Isp)

Isp for Propellant Propellant P.D.I. Actuator Weight of

Pulse O/F Weight Per Feed Stroke Piston Nitrogen Used
Propellant Operation Ratio Pulse Presure Area Per Pulge
Combination Sec. Lb. Pgi In. In,2 Lb.
N204 - 507%
UDMH, 50%
NoH, 253 1.4 .001978 80 .24 .21 .0000612
Hy - 02 342 3 001462 15 .255 .26 .0000789
0F2 - 82H6 317 3 .001578 15 .24 .182 .0000528

23 ~
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RESPONSE VS ACTUATOR PISTON AREA

P.D.I. - 0.5 Lb. -~ Sec. Impulse Bit
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RESPONSE VS ACTUATOR PISTON AREA
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RESPONSE VS ACTUATOR PISTON AREA

P.D.I. - 0.5 Lb, - Sec. Impulse Bit
(OF2 & B2Hg)
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D. High Performance PDI

The potential of the bi-propellant system approach had been
established. Operation of the positive displacement injector at
normal chamber pressures however did not indicate any particular
superiority over the conventional bi-propellant approach.

The relative importance of Propellant contribution to overall
System weight was also clearly evident. The PDI was thus examined
for possible potential of improving Propellant performance.

Rocket propulsion performance may be improved by increasing the
specific impulse of a propellant combination. The obvious methods
for increasing theoretical performance are to increase engine
chamber pressure and nozzle expansion ratio. Conventional bi-
Propellant pulse engines usually operate at low chamber pressures
in order to minimize overall system weight. Thus, expansion
ratios of these engines are usually in the order of 40:1 due to
envelope limitations.

The PDI system may be operated at extremely high chamber pPressures
(5000 psi order of magnitude) without attendant Propellant tankage
weight penalty. A technique of rapid Propellant injection is used,
The entire propellant slug is injected prior to ignition (within
0.002 to 0.003 sec). This reduces actuating gas consumption since
injection is accomplished against low chamber back pressure.

The increased chamber Pressure results in an engine of consider-
ably reduced size, therefore, expansion ratio is virtually unlimit-
ed by envelope requirements. Figure 16 shows the relative sizes

of two 100 1b. maximum thrust pulse engines. One engine is based
on 50 psi chamber pPressure and 40:1 expansion ratio, and the other
on 5,000 psi chamber Pressure and 200:1 expansion ratio.

Specific impulse may be increased approximately 67 to 10%, depend-
ing upon the propellant combination, when chamber pPressure and
expansion ratio are increased from 50 psi to 5000 pPsi and 40:1 to
200:1 respectively. Table 6 shows the results for four propellant
combinations, Normally, the increase in expansion ratio rather
than increased chamber pressure is the predominant factor in
improved specific impulse; the actual relative contribution being
a function of the propellant combination under consideration.,
These increases in specific impulse represent substantial weight
savings for systems of relatively high total impulse. Table 7
shows a weight breakdown of the high pressure PDI system for
various total impulses using the N204 - 507 UDMH, 50% N2H4 pro-
Pellant combination. Table 8 compares these weights to those for

24 ,
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SYSTEM WEIGHT

Positive Displacement Injection

High Pressure

N204 - 507 UDMH/504% N2H,,

Impulse bit, 1b-sec 0.1 0.5 1.0 1.0
Thrust, 1bs. 10 50 100 100

8 | Total impulse, lb-sec 103 10% 105 106
;% Expansion ratio 200 200 200 200
¢§ Chamber Pressure, psi 4000 4000 4000 4000
Tank pPressure, psi 80 80 80 80
807% Theoretical Isp sec. 270 270 270 270

8 Thrust chambers 1.0 4.0 12.0 12.0

8 Injectors 9.6 12.5 16.9 16.9

o | Propellant tanks .3 1.6 5.6 56.0
;% Expulsion bladders .1 «5 l.9 9.5
é% Propellant 3.7 37.0 370.0 3700.0
= Gas + gas tank .2 1.8 18.8 188.0
Lines 5 1.3 2.5 3.4
Controls 1.0 1.0 1.0 1.0
Total 16.4 59.7 428.7 3986.8

Table 7 5?’
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a conventional bi-propellant System using the same propellant
combination. The high pressure PpI shows a 6% to 8% weight savings
at system total impulses of 100,000 1lb-sec to 1,000,000 1b-sec,

The weight savings would be even greater for the OF2-B2Hg and

E. Ignition and Combus tion

In this section, the ignition and subsequent combustion of the
pPropellant using the high performance Positive displacement injec-
tor concept is discussed, Design criteria for the Preliminary
design is given, and a short evaluation of the concept and the
resulting pulse rocket motor design is made,

hydrazine are considered for thig discussion. A similar analysis
would however apply for other propellant combinations) into g
rocket chamber which is near zero Préssure. The propellants then

Process and during tail off, By suitable rocket motor design and
operation, the specified impulse bit can be achieved. Since this
System is capable of generating high chamber Pressures, say of the
order of 1000 to 5000 psi, then a well designed nozzle with a
large expansion ratio should Produce high Isp performance,

into the chamber while the pressure in the chamber ig low. Adverse
conditions would Prevail if ignition and combustion occurred dur-
ing the injection process. In order to Prevent this situation from
occurring, a propellant injection lag is introduced. The nitrogen
tetroxide injection Precedes that of the fuel. Time ig allowed for
the oxidizer to evaporate and then the fuel is injected as a fine
SPray. The time duration of the fuel injection ig equal to the
ignition delay time for this system. In addition, since the fuel
is in a fine spray, it will combust entirely before any of it
deposits on the chamber walls,

It is recognized that the chamber design and valve operation must
be optimized. The neécessary theoretical work to accomplish thig
end has been done. For a given rocket motor chamber size, the
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non-equilibrium eévaporation rate of nitrogen tetroxide can be
calculated (Reference 4). Thus the vapor pressure prior to com-
bustion can be determined, This is an important factor since the

the chemical kinetics (Reference 4). Now it is required to match
the fuel Injection time interval, which is determined from the
valve dynamics, to the ignition delay time at g suitable vapor
Pressure. The start of the ignition delay time is the same as
the start of the fuel injection, The sequence of events are
shown qualitatively in the sketch below,

5000 -1

4000 +- \

3000 - )
s f= — Ignition Delay Time
2 | 1/
. e -t Fuel Injection
v |
g <:§; 7:;5;
0 - 5/ Oxidant Injection
“ bR |
[« 9}

!
l

—— Ignition

H i i
; : L M L]

3 4 5 6 7 8 9 10
Time - Milliseconds

©C = N W
]
I

I
l
[

PROPELLANT INJECTION
SEQUENCE IN A ROCKET MOTOR
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Care must be taken that the fuel injection time interval 1is not
greater than that of the ignition delay time, for then fuel in-
jection occurs against an Increasing pressure environment, In
addition, if the fuel injection time is much less than the igni-
tion time, then an excessive loss of the pPropellants can occur
through the nozzle. The optimum fuel droplet size for the given
rocket motor can be determined from the droplet balligticsg which
was developed in Reference 5. One of the characteristics of pulse
motors is the inability to attain high c* efficiency, a condition
which reflects on the combustion processes. In order to relieve

determining the chamber geometry., During the fuel evaporation
process an infinite range of oxidant-fuel ratiog exist thus in-
suring combustion. In addition, due to the small droplet size and

The potential advantages of this high Pressure, positive displace-
ment injection system are the following:

ae
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Propellant loss is about 1% due to the small throat area,
and the low pressures at which ignition occurs for this pro-
Pellant combination,

As a result of the high chamber Pressure, the size of the
motor is small for the operating thrust level,

In addition, due to the high chamber pressure, a high C¢ is
obtained. Since the ambient pressure is very low, the nozzle

C* efficiencies approaching those of good steady state values
are expected. This is so because the same droplet ballistics
criteria is being used., 1In addition, because of high nozzle
expansion ratio, it is suggested that high Isp efficiencies
will ensue.
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V  POSITIVE DISPLACEMENT INJECTOR TEST PROGRAM

A test program designed to supplement the Injector theoretical

Positive Displacement Injector,

A. Objectives

The basic objectives of this program were the following:

a. Evaluate the capability of a positive displacement injector
to supply repeatable impulse bits of good accuracy,

b. Obtain data on the operating characteristics of this type of
injector.

¢. Compare the actual dynamics of the test Injector with the
theoretical analysis based on the equations of Appendix B.

This program was limited to the injector only.

B. Design Parameter Study

a. I = Impulse Bit = (.1 1b. sec.
Thrust = 10 1bs.

Isp = Specific Impulse = 320 seconds

Pc = Combustion Chamber Pressure = 400 psi

Pi = Propellant Injection Pressure = 480 psi

Volume of oxidizer per stroke = .003725 1n.3

Volume of fuel per stroke = ,003725 in.3

Volume of nitrogen per stroke = actuator piston area

x (.05 + stroke)

28
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b. The initial conditions for the injector were:
De = Equivalent orifice diameter of Pilot valve = ,0252 in.
Pg = Nitrogen Supply pressure = 303 psi
Ag = Actuator Piston area = ,1955 in,2
S = Stroke of Piston = ,124 1in,
P] = Preload = 20 lbs.
K = Spring rate = gp 1b/in

Ap = Injector pPiston areg = .03 1in2 per piston

F=P +Ks +2 pia,

c. In order to keep the weight of the nitrogen required per
stroke at a minimum, the force Produced by the nitrogen on
the actuating piston wag kept at 1,01 F eéxcept for the case
of actuating piston area VS. response. Thug Pg A, = 1.01F,
which resulted in changes 1in Aa when Pg or F were varied.

Figures 17-22 show that increasing the actuator piston area,

Creases in nitrogen supply pressure or valve orifice diameter
decrease it (Figures 21 & 22).

C. Test Rig Mechanical Design

meters as g guide, a test rig (Figure 23) was designed and
fabricated.

The test rig simulates a gas actuated piston type PDI. The main
rig components are the gas Piston, pump piston, pintle type

29
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poppet valve and valve seat, check valve, solenoid valve, piston
and pintle sleeves, and the housing. The housing is designed to
make all components and adjustments easily accessible. Provi-
sions are included for varying piston stroke, pintle stroke, and
pPiston and pintle spring preloads. This allows 4 complete test
evaluation of the dynamic operating characteristics of the
design, Therefore, correlation of the test results with the
controls theoretical analysis is possible,

Close fits between the Pump piston and sleeve and the poppet
valve pintle and sleeve simulate an actual flight design. The
sleeves are made removable to facilitate replacement in case
they are damaged during testing. Teflon O-rings are used for
dynamic sealing of the gas piston, pump piston rod, and poppet
valve pintle., The materials selected for the rig design are
compatible with the Propellants used for the Systems analysis
and could be used in a flight design. Provisions are incorpor-
ated in the design for complete instrumentation necessary for
measuring Pressures, system response, and quantity of injected
propellant,

D. Test Instrumentation

Figure 24 shows the test rig with the piston and Pintle position
transducers. Figure 25 is a schematic of the test instrumenta-
tion. The instruments used are as follows.

4. Hewlett-Packard model 202A Low Frequency Function Generator
to provide the command signal,

b. McIntosh Lab. Inc. model P131 Switching Amplifier to provide
the current to operate the solenoid valve.

¢c. Kister PZ 601 pressure transducers to measure the gas and
fluid pressures.

d. A liner potentiometer to measure the Piston motion.
e. Bentley P/U transducer to measure the pintle motion.

f. Allegany Instrument Co. model 512-A D. c. amplifiers to
amplify the transducer signals,

8. Consolidated Electrodynamics Corp. Recording Oscillograph
to record the transducer outputs.
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RESPONSE VS SPRING PRELOAD
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RESPONSE VS SPRING RATE
P.D.I., 0.1 Lb - Sec Impulse Bit
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RESPONSE VS STROKE
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POSITIVE DISPLACEMENT INJECTOR TEST RIG
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POSITIVE DISPLACEMINT INJECTOR TEST RIG

3318 Figure 24
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SCHEMATIC

P.D.I. TEST RIG
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E. Test Program and Results

Tests were conducted to determine the repeatability of pulses and
to obtain data on the dynamics of the test rig which could be
compared with the computed analysis.

Before conducting these tests the test rig was checked for leak-
age. None was evident past the dynamic seals either before or
after the tests. Leakage past the pintle and propellant piston
from the upper to the lower fluid chamber was checked by pres-
surizing the upper chamber for one minute with fluid at 100 psi.
No fluid appeared at the injector orifice during this time.
Finally, the leakage at the injector orifice was checked at fluid
pressures of 0 to 100 psi. Unfortunately, in this case there was
some intermittent leakage, which varied from 0 to 80 drops per
minute. The greatest leakage occurred at the higher pressures.

The first test was for pulse repeatability which was determined
by comparing the liquid pressure traces of each pulse and by
measuring the amount of liquid ejected. Examination of pressure
traces, such as Figures 26 and 27, indicated no discernible dif-
ferences between pulses, Figure 26 is a part of the record of
the 2 CPS run. It shows the dynamics of the test rig and it pro-
vided a record of the number of pulses in the run. The ejected
liquid was weighed on an accurate chemical balance and compared
with the calculated weight. The results of this test, shown in
Table 9, indicate a maximum deviation of approximately + 3.5%
with an average at -1.1%. The positive deviation in the first
run could have been caused by leakage either before, during or
after the run. It would require only four drops of the liquid,
which was found to weigh 0.0465 grams per drop, to change the
deviation from +3.35% to -1.2%.

The next test was to obtain data on the operation of the test rig.
Typical results showing the test rig dynamics and its comparison
to the theoretical analysis is shown in Figure 27 and Table 10.
There is very good agreement between the test and calculated
response for the fill and vent times. Obtaining agreement for
the actuation and return times is a little more difficult because
of some of the assumptions made in the equations used in the
computer program.

For the actuation time the equations assume a constant value for
the opposing force, C3. However, measurements taken from the
test traces show that this force varies during the stroke. The
reason for this is the variation of the fluid pressures as the
pPintle movement changes the orifice area, as can be seen in
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Figure 27, and there may also be changes in the amount of fric-
tion in the system. Computed actuation times for both the high
and low measured values of C3 are shown in Table 10. The test

results come close to those for the high values.

F. Test Rig Operating Characteristics

The response of the test rig was relatively slow. The causes of
the slow response are the small size of the orifice into the gas
chamber and the large amount of friction from the teflon dynamic
seals. The test rig orifice was sized to give a minimum actua-
tion time of 0.0l seconds at a spring preload of zero with the
nitrogen supply pressure at 300 psi. Increasing the orifice size
would of course result in a faster response as has already shown
(Figures 7 and 22). The valve used was large enough to permit
the rig orifice diameter to be increased by a factor of 4. A
flight design would of course use the valve orifice to control
flow and would only be large enough to give the desired response.
Increasing the preload would cause an increase in both the fill
and actuation times (Figure 18). Unfortunately, the teflon

seals caused a friction load of approximately 7 pounds which then
required a spring preload of 7 pounds in order to overcome this
friction on the return stroke. Thus there was in effect an in-
crease of 14 pounds in the preload with the corresponding increase
in fill and actuate times. This problem would not exist in any
flight design since frictionless bellows seals would be used
instead of the teflon O-rings.

ray
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Results of Pulse Repeatability Tests

Wt, of Deviation
Fluid from
Pulse No. of Wt. of per Theoretical
Frequency Pulses Fluid Pulse Weight
Run No, cps grams grams A
1 2 73 4,2757 .0586 + 3.35
2 3 73 4,1230 .0564 - .53
3 4 86 4,7930 .0557 - 1,76
4 5 92 5.1194 .0556 - 1,94
5 5 103 5.6208 .0546 - 3.7
6 4 90 5.0129 .0557 - 1,76
7 3 79 4,4683 .0566 - L,176

Theoretical weight per stroke = .0567 GM for a .143 in, stroke
and fluid specific gravity of .768 @ 70°F.

Nitrogen feed pressure = 300 psi
Fluid feed pressure = 20 psi
Table 9
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VI PRELIMINARY SYSTEM DESIGN

A typical system design applying the positive displacement in-
jection principle has been investigated. Control system para-
meters have been established based upon the estimate made in
Section III for vehicles operating in essentially a pulsing mode.

A vehicle with a mass of 150,000 lbs. compatible with advanced
Saturn capabilities for low earth orbit was selected. Represen-
tative of such a mission might be a manned space station for con-
ducting scientific experimentation and serving as a launching
platform for deep space probes (Refs. 7 and 8).

A, Specification of Requirements

Based upon the assumed vehicle mass of 150,000 lbs, control system
requirements were specified as detailed below:

Gross correction and spin maintenance
Total impulse - 140,000 1lb-secs.
Nominal thrust level - 110 1lbs.,
Nominal impulse bit - 1.1 lb=-sec.

Vernier system - low level correction, cyclic disturbances
and limit cycle

Total impulse or equivalent - 375,000 lb-secs.
Nominal thrust level or equivalent - 1.1 lbs,
Nominal impulse bit or equivalent - .01l lb-secs.

The gross correction attitude control system has been analyzed
applying the high performance Positive Displacement Injection
principle. An earth storeable propellant combination

(N204 - 50% UDMH, 507% N2H4) was selected for this system. This
combination (representative of the earth storeable class) was used
in view of temperature conditioned nature of this application,

and the probability of its being placed in a near earth orbit.
Such considerations detract from the application of the higher
energy cryogenic combinations for this particular missionm.

A mission more compatible with cryogenic space storage potential
represented by a combination such as OF2 and ByHg would be further
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enhanced by application of the high performance injector concept.
Such an application employing a pulsing mode of operation and
requiring a relatively high total impulse capacity would realize
a substantial reduction in system weight contrasted to a conven-
tional bipropellant system.

The vernier correction system has investigated application of a
reaction wheel system. Such a system was found to be very
attractive on a weight basis if used within its limitation of
correction for cyclic types of disturbance or limit cycle.

B. Gross Correction Attitude Control System

A preliminary design of a high pressure pulse rocket motor with
a positive displacement injector is shown in Figure 28. The
design is based on the requirements discussed above.

The thrust chamber is constructed of pyrolytic graphite contained
in a stainless steel shell. The pyrolytic graphite is used as a
heat sink., Wright Aeronautical Division, Curtiss-Wright Corpora-
tion has extensive experience in the design and development of
pPyrolytic graphite thrust chambers. Test results from other pro-
grams and a preliminary heat transfer analysis indicates that the
thrust chamber design shown in Figure 28 is feasible for this
high pressure pulse application.

The thrust chamber is sized to produce a peak chamber pressure

in the order of magnitude of 4000 to 5000 psi. Based on these
pressures, maximum thrust is approximately 110 lbs. The exit
nozzle is designed to a 200:1 expansion ratio consistent with the
discussion in Section IV of this report.

The injector is a gas actuated bellows type PDI similar to that
shown schematically in Figure 3. Two poppet type valves are used
for opening and closing the oxidizer and fuel injection orifices.
These valves are commercially available items. The spring pre-
loads keep the valves closed in the off position. When the system
is actuated, increased fuel and oxidizer pressure opens the valves.
The injection orifices are sized to give approximately 100 ft. per
sec. injection velocity. Impingement injection of fuel and
oxidizer is shown to promote better propellant mixing and higher
combustion efficiency.

A solenoid valve is used for controlling actuating gas flow. A
technique of pulse shaping would be used to increase the response
of this valve and therefore the system. The valve opening and
closing time is decreased from approximately 0.014 sec to 0.003
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sec with this technique.

A bracket type support attaches the solenoid valve to the injector
housing. An AN fitting is shown on the drawing in lieu of the
solenoid valve. This bracket also forms the housing for the gas
piston. The bellows assembly consists of a rod, a cover plate,
and the bellows. The bottom end of the rod flares into a flat
circular disc. The bellows is welded to the disc end of the rod
and to the cover plate. The entire assembly is bolted into the
injector housing thru the cover plate. The bellows rod extends
thru the cover plate and contacts a rigid bar type support. Con-
tact is made thru a self centering, spherical socket type joint.
The gas piston rests on the bar support. Both bellows are pre-
loaded to support the weight of the bellows rods, the bar support,
and the gas piston. When the gas piston is actuated it moves the
bar support and bellows rods down, synchronously extending both
bellows. When the actuating gas pressure is vented, the bellows
force, aided by the force created by the partially unbalanced
propellant supply pressure, returns the actuating mechanism,
positioning it for the next stroke.

Check valves are located at the fuel and oxidizer inlet ports.
These valves are also commercially available items. Fuel and
oxidizer are fed thru these check valves priming the bellows and
poppet valve cavities. Extension of the bellows displaces the
predetermined volume of propellant. This increases the propellant
pressure forcing the poppet valves open allowing fuel and oxidizer
injection into the combustion chamber. The check valves seal the
low pressure feed system from the higher pressure developed during
the injection stroke.

The injector illustrated provides an impulse bit of approximately
1.1 lb-secs. The maximum pulse frequency for this system is in
the order of 10 to 20 cycles per second. The pulse frequency is
primarily a function of the tail off portion of the pressure-time
transient. The frequency may be increased by decreasing the
combustion chamber volume which in turn produces higher peak
chamber pressure and possibly higher performance.

Figure 29 shows a schematic representation of the 140,000 lb-sec
total impulse PDI system. The propellant expulsion and pressurant
gas systems are essentially the same as those for a conventional
bi-propellant system.

Nitrogen gas is used to pressurize the propellant tanks and also
to actuate the PDI. The gas pressure is reduced from 3000 psi
storage pressure to 300 psi for actuation of the injector and
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80 psi for the pressurization of the N204 - 50% UDMH/507% N2Hy
propellant tanks.

A weight summary of the system is shown on Table 11.

C. Vernier Correction Attitude Control System

The analysis of a reaction wheel system was made to validate the
assumption that, for a low torque, cyclic type vernier control
requirement, an inertia device would be lighter in weight than a
reaction jet device. The primary reason for the anticipated
weight saving is that the reaction jet device requires its total
energy capability to be carried as propellant and tankage whereas
a reaction wheel has the capability of utilizing ambient energy
(solar) to provide its required power. Thus, only a power con-
version system is required.

The reaction wheel system analysis was performed for a single

body axis. Gyroscopic interactions were neglected and constant
angular accelerations were assumed. A maximum distributing torque
was defined for the vehicle (refer to Specification Requirements)
and a response of the reaction wheel system was chosen. With this
information the weight of the wheel, motor, and power supply (solar
cells) is computed for various values of final angular velocity.,

It is noted here that the calculated wheel weight is a minimum
(with a corresponding large radius); it is more realistic to select
a wheel radius and compute a revised weight (for the same moment

of inertia). Also the response time used to compute the angular
velocity of the wheel is assumed to be a constant for a given case
which yields optimistic motor weights for high angular velocities.

The analysis indicates that high reaction wheel angular velocities
require excessive motor and power supply weights. Conversely,

low angular velocities require large wheel weights for realistic
wheel sizes. Further, as the response time increases the wheel
weight increases (for a constant wheel radius). On this basis
several studies were made to assess total system weight, which
was conservatively estimated to be three times the single axis
weight. The analysis and computations are presented in Appendix
J.

The initial investigation assumed a torque equivalent to 1/2 of a
single pulse of the gross correction attitude control engine
(110#) located at the vehicle radius (75 ft.). This resulted in
unrealistic system weights for reasonable wheel radii (less than
10 feet). Even the modifying assumptions of shorter response
time or constant wheel radius, failed to yield reasonable system
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weights. Thus, the assumption of a similarly located 1.1# thrust
engine was made. This resulted in a realistic system. A summary
of the characteristics for such a system are shown on Table 11.

Note that the first case was realistically coupled to the larger
attitude control engines. It provided controlled torque capability
from the minimum generated by the attitude control engines down

to zero. Further, the attitude control engines would serve as

the desaturation device for the reaction wheel. This precise
coupling is not satisfied by the present system.

Under the present assumptions another system would be required to
provide the coupling. 1.1 1b. thrust level engines could be used.
This would increase the weight of the vernier system both by the
addition of components and propellant. However, the reaction
wheel approach for the vernier requirement still appears dictated.
If a mass expulsion system were to provide the entire capacity

of this system, propellant weight alone would be the order of
1400 pounds. The additional weight required for coupling and
wheel desaturation would not be expected to be sufficiently high
as to preclude use of the reaction wheel system.
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WRIGH T

A

Typical System Weight Estimate
Gross Correction System
Positive Displacement Injection
High Pressure
NoO4 = 50% UDMH/50% NoHy

HEPIAUTICAL DIVISION

Description

Impulse bit, 1lb-sec. 1.1
Thrust, lbs, 110
Total impulse, lb-sec. 140,000
Expansion ratio 200
Peak chamber pressure, psi 4000
Tank pressure, psi 80
80% Theoretical Isp, sec., 270
Weight, Lbs,
8 Thrust chambers 12,0
8 Injectors 16.9
Propellant tanks 7.8
Expulsion bladders 2,7
Propellant 18,0
Gas + gas tank 26,3
Lines 2,5
Controls 1.0
Total 587.2
Vernier Correction System
Reaction Wheel
Description

Equivalent impulse bit, lb-sec.
Equivalent thrust, lbs,
Equivalent total impulse, lb-sec.

Characteristics

Wheel radius, feet
Response, secs,

Single axis weight, 1bs.
Total system weight, 1bs,

.011
1.1
375,000

1.0
0.010
72
216*

* Would be heavier considering requirement to provide
coupling with gross correction system,

Table 11
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VII PROGRAM FOR THE PERFORMANCE DEMONSTRATION OF THE POSITIVE
DISPLACEMENT INJECTOR PRE-INJECTION PRINCIPLE

A. Introduction

In view of the potential capability of improving propellant
performance of a pulse engine using the positive displacement
injector, a program for test evaluation of the operating prin-
ciple is suggested. This section summarizes the operating tech-
nique considered in Section IV and then outlines a test demon-
stration approach.

B. Summary Discussion

It has been concluded that weight reduction of an attitude cope
trol system for high total impulse requirements depends Primarily
on propellant performance improvement and only to a minor degree
on inert system weight optimization. The study has indicated
that the injector is capable of using a modified technique which
will permit pulse operation at elevated chamber pressure with
consequent capability of using high nozzle expansion ratios with-
in a reduced envelope. A higher theoretical specific impulse
results from both the higher operating chamber Pressure and in-
creased nozzle expansion ratio and thus a reduced propellant
requirement. The magnitude of the improvement will vary dependent
upon the propellants considered but will be in the order of 8%.

The technique utilized would be to inject propellant into the com=-
bustion chamber at a very rapid rate consistent with the injec-
tor's capability but not feasible in a system using conventional
valving. Propellant injection would be accomplished within the
ignition delay time and thus would be completed against essen-
tially no chamber back pressure. The injected propellant would
combust in a chamber of reduced volume with consequent generation
of high chamber pressure.

In addition to the theoretica) improvement in performance, a
further gain considering combustion efficiency appears possible,
The reduced chamber volume and throat area suggest an increase

in C* efficiency; confinement of the propellant in a reduced
volume should promote better mixing and increase the Precent of
Propellant totally combusted, and the effect of the reduced nozzle
throat diameter should be to reduce the mass of propellant
escaping from the chamber uncombusted prior to ignitionm. Coupled
with improved performance by virtue of the increased chamber
pressure and high expansion ratio, a significant decrease 1in
propellant supply could result.
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C. Suggested Program and Objectives

The potential of this technique suggests a program for the
performance demonstration of the positive displacement injector
pre-injection principle. The program would be designed to demon-
strate the feasibility of the operating technique in improving
propellant performance and to provide the basis for a flight
weight engine design.

It would consist of three phases as outlined below:
a. Initial bench tests and combustion analysis.

b. Engine development and performance testing to optimize the
design and demonstrate the operating principle.

c. Demonstration of the operating capabilities of a flight type
design.

Phase 1

Under this phase of the program, the propellant combination
selected would be investigated both analytically and by means of
bench type calorimeter tests. Ignition delay time as a function

of oxidizer vapor pressure and fuel injection rate would be
determined. Test results coupled with the theoretical analysis
would be used to establish initial design criteria for the injector
and combustion chamber.

Phase 2

Based upon the results of this initial analysis, a heavy duty
chamber and injector would be designed and hardware fabricated.
The design of this unit would be such that variation of physical
dimensions is possible. For instance, it would permit variation
in chamber volume, length and throat diameter. Provision would
also be made for varying propellant injection velocities and
oxidizer-fuel time sequencing. A test program would be conducted
to determine the chamber configuration and injector character-
istics for optimum performance. The results would be evaluated
and compared to predicted performance for a conventional engine
of comparable impulse bit capability.

It is suggested that an engine with a nominal impulse bit of 1.0

pound-seconds be used. This size impulse bit appears to be fairly
representative of anticipated requirements.
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The test program would consist of running various engine con-
figurations measuring impulse per pulse and propellant consump-
tion per pulse. Initial tests arriving at an optimized configura-
tion would be conducted exhausting to sea level back pressure.

The testing would then be repeated exhausting to simulated
altitude conditions for the more promising configurations. Tem-
perature measurements to be used in support of the flight type
design program would be made in addition to recording the chamber
pressure-time and thrust-time relationships.

Phase 3

The third phase of this program would be the generation of the
design of a pyrolitic graphite chamber and nozzle. It would
also include fabrication and test of such a chamber using the
configuration optimized under Phase 2.

This chamber would be used to demonstrate operating capability in
terms of erosion resistance, performance based om both single

and repeated pulsing and resistance to "heat soak' under various
duty cycles. Tests would be conducted exhausting to both sea
level ambient pressure and simulated altitude.

Successful demonstration of improved performance using the pre-
injection operating technique and demonstrated operational
capability of the pyrolitic graphite would provide a pulse engine
design applicable to missions basically requiring pulse operation.

D. Propellant Considerations

Attitude control system propellant weight requirement can be
reduced by both improving propellant performance or by using
higher energy propellants. The positive displacement injector
indicates capability of improved performance by using the pre-
injection technique, and its design also appears adaptable to a
wide variety of propellant combinations.

For the test demonstration program outlined herein, a propellant
selection is required. Materials and operating parameters would
be different for various combinations. The optimum propellant
choice would appear restricted to either the earth storeable or
space storeable, mild cryogenic combinations. Applicability of
the deep cryogenics for a pulsing attitude control system does
not seem likely.

The more immediate application for such a device would appear to
favor an earth storeable combination such as nitrogen tetroxide
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and UDMH. At this time, a pulsing mission of high total impulse
requirement compatible with space storeable cryogenics has not
been identified. However, future missions compatible with a
Propellant combination such as diborane and oxygen difluoride
might well develop. Considering the relative advantages of either
approach, the BoHg~OF; propellant combination appears desirable

in view of the following:

a. The additional performance gain represented by this high
energy combination compared to earth storeables.

b. 1Its particular applicability to the high performance PDI
operating technique. This combination indicated the largest
increase in theoretical performance operating at elevated
chamber pressures of the combinations investigated.

c. Development of an engine for this propellant combination
should reduce additional development required for its applic-
ation to an earth storeable combination. On the other hand,
development of the engine for an earth storeable combination
might well not be as applicable to a higher energy combina-
tion.

d. For some applications, the performance increase indicated
for the injector coupled with the adaptability to the high
energy propellants might well overcome the limitation re-
presented by its basic restriction to a pulsing mode. Per-
formance degradation associated with such operation would
not be particularly detrimental if more than counterbalanced
by demonstrated suitability to the high energy propellants.

e. Such a program would contribute to the advancement of the
"state of the art" of high energy propellants.

The earth storeable combination (N0, - UDMH) would be favored
considering:

a. This combination appears to present more immediate application
potential.

b. Development of the injector for this combination would allow
application of a more advanced technology. Thus, a reduced
development effort would probably be required.

A consideration of the above would tend to favor application of
the high energy combination. It is thus recommended that test
demonstration of the injector operating principle be accomplished
using the diborane, oxygen difluoride propellant combination.
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APPENDIX A

CONTROL SYSTEM REQUIREMENTS COMPILATION

The results of an industry and government agency survey with regard

to attitude control system requirements is contained in Tables A.l

thru A,8, Information obtained thru the survey was further supplemented
with data from such other sources as technical journals and reports,

It is to be expected that changes have been made in some programs

which are not reflected in this compilation. Thus it undoubtedly
does not represent present requirements in all cases.

A-1
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APPENDIX B

DYNAMICS OF THE PNEUMATIC ACTUATOR PISTON

The mass flow of gas into the cylinder is given by:

W = CzchEa. fi(;fg)

T ®
) 2 )BT

The volumetric flow is given by:

W _ 12RTsW
Po ¢(P
Ld -
. @=12CyC¢pRA|Ts 5 f'(@) )

The energy equation is

(3)

o = d
WepTy = P44+ L (eVG T
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By substitution of perfect gas relationships, this can be reduced to

AP )
At V o(t - @ 0
(4)
- - _E . AV = A dZ dpP = dF
V=A(Z,+Z) AND P= yy o Aa(f AND prrallen
Equation (4) can be rewritten as
dF _KF__ _.?)
oAt + A(z, +Z) ,(t o (5)

By substituting (2) in (5) the equation for the motion of the piston
becomes

dF KF dz Ps ¢/ P
At +A(z+z)[A oAt 2¢1CoRa[Te B )J

Equation (6) is of the complex non-linear type and has been programme
for an I.B.M, 704 digital computor, as have equations (9) and (10).

The mass flow rate of the gas out of the cylinder is given by

(<]

W=CrCpPa

JTs (7)

The energy equation is

P:V + i—((—'VC T})"‘WCPTS =0

(8)
By again making the proper substitutions this becomes
dF KF 9z 4 1¢,¢pRalT
Jt A(Za*'z)[A +ixcacoRalls | = (9)
B-2 102
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When the volume above the piston is being filled to a pressure
sufficient to overcome the force 'F'" the equation is

4P _A_K_ 12 C, CpRa|T, P, f'(—g—) =

dt Zo (10)

The time for the pressure to decay to F/A is given by

P K=l
- Z +Z +1 i ik
C:dj -» \/(K ) (&) - I] ()

WHERE : P, 3Pg

P‘F C3, +Cy Z
2" A4 T A

Cy = spring rate

C32= effective constant force in the direction of the return
stroke,

= preload + propellant pressure x area - friction + ...etc.

In equations (6) and (9)
F = C3 + C,2

where C3 = effective constant force opposing piston motion

= preload + propellant pressure x area + friction
+ ....etc.

B-3 103
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NOMENCLATURE

Area of solenoid valve orifice - in2

Area of the actuator piston - 1in?

Coefficient of discharge of the solenoild pilot valve orifice

Specific heat at constant pressure for the gas

Specific heat at constant volume for the gas

j;}K v °R

R{k~=1) SEC.

/%

[ sk
R(K.H):—f,‘ SEC.
\ 2

The force acting on the piston rod in the opposite direction

from the gas force

P_ = pressure of oxidizer, Aj, = area of oxidizer piston,

o
P¢ = pressure of fuel, Af = area of fuel piston

Gravitational constant = Ft/sec?
Ratio of specific heats

Pressure in the cylinder psi

Gas supply pressure psi
Volumetric flow of gas in3/sec
Gas constant ft-1b/1b °R

Gas temperature °R

Volume of cylinder in3

Mass flow of gas lb/sec

Distance of piston travel from initial position in.

B-4
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J..

ZiKSZ, f,5 PoAo» PgAg etc, Where Kg = Spring rate, fp = preload,

u

S

A



&N
i

Initial position of piston (from top of cylinder) in,
= ;:; where v = volume from top of piston to valve orifice
C = Gas density 1b/in3

B-5
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APPENDIX C

Z/D OF PROPELLANT PISTON FOR MINIMUM CHANGE IN VOLUME DUE TO
TOLERANCES OF STROKE (Z) AND PISTON DIAMETER (D)

Let the tolerance on D =AD and on Z =A2Z
Propellant volume V -;E-012:

_A_V;z_é_D.+AZ
% ) z

1

-, QD TD
TSt - AL

The root sum square error is
AV _ Ly pH/ MAZ !
v () + 04 (IS

The minimum value of the change in volume,4l¥ » 1s achieved when

AV
d v -
A D
Performing the indicated operation results in
Ap - _1L_4QZ
D iz Z
I£EAD =AZ
Z o _
D Z

106
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APPENDIX D

COMPARISON OF P,D,I, AND CONVENTIONAL SOLENOID VALVE SYSTEMS

The positive displacement injector and the conventional solenoid valve
injector were compared based on the following conditions:

AT

1T

PeN

]

Impulse bit = ,1, .5, 1.0 1lb. sec.

Total impulse = 1000; 10,000; 100,000; 250,000 1b, sec.
Propellants - NoO4 and 50% UDMH, 50% NoHy

Theoretical specific impulse = 316 sec,

Specific impulse for pulse operation = .8 x 316 = 252,8 sec,
Operating temperature = 70°F

Temperature range 40 to 140°F

Pulse width = ,010 sec.

Combustion chamber pressure - the optimum chamber pressure
for minimum system weight varies withAI and IT.

Table D.2 shows the pressures used.

Propellant flow rate in the conventional system to be con-
trolled by cavitating venturies,

Nitrogen feed pressure = 300 psi

In order to determine system weights it was necessary to determine
the weight of the nitrogen used to actuate the P.D.I., the propellant
weights of the two systems, and the weight and power requirements of
the solenoid valves,

1.

The weight of the nitrogen used to actuate the P.D,I. was deter-
mined by finding the weight of Ny required per actuation, using
the method of section IV-B-3 with the appropriate piston strokes,
and then determining the number of actuations for each impulse
bit and total impulse as shown in appendix E, The results are
shown in Figure D.1l.
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In order to determine the propellant weights it was necessary

to take into account the effects of errors in the oxidizer-fuel
ratio and the specific impulse (appendix F). The results

(Figure D.2) show that the P,D.I. requires slightly less propellant
than the conventional system, For values of total impulse above
100,000 1b, sec, the difference is 2.6%.

Solenoid valve weight, power requirements and response are shown
in Tables D,1 and D.2., The equivalent orifice diameters of the
positive displacement injector pilot valves are for an actuation
time of .0l seconds, and they were determined by the method used
in section IV-B-3, The diameters of the valves for the conven-
tional system are for a pressure drop of 50 psi thru the valve,
The weight of a pulse shaper, for improving the response of the
solenoid valve, is approximately 0,25 1lb, per engine,

The two systems were also compared for impulse bit accuracy, oxidizer-
fuel ratio accuracy, maximum operating frequency and stable limit cycle
operation,

1.

WRIGHT AERONAUTICAL DIVISION * CURTISS-WRIGHT CORPORATION * WOOD-RIDGE. N. J.. U.S. A.

The P.D.1. has a smaller error in both impulse bit and oxidizer-
fuel ratio for all values of total impulse for the 0.1 1b,sec.
impulse bit and for a total impulse above 4000 1b., sec., for the
larger impulse bits (Figures D.3 and D.4). Appendix G shows how
these values were calculated,

The maximum operating frequencies of the two systems for a 0,010
second pulse width are shown in Figure D.5. The frequencies for
the conventional system are for solenoid valves with pulse shaping
because the 0,01 second pulse width could not be attained without
it for the 0.5 and 1,0 1b, sec. impulse bits, as can be seen from
the response times in Table D.2, unless power requirements were
increased, To get a 50 percent increase in valve response, it is
necessary to increase solenoid power by approximately 200 percent.

For stable limit cycle operation it is desirable to use the smallest
possible impulse bit in order to keep propellant welght at a mini-
mum, Large impulse bits are not practical because of the excessive
amounts of propellants required to perform the same function as a
small impulse bit, This can readily be seen in Figure D.6 which
shows propellant weight vs, time for various impulse bits. For

the 0.1 1b. sec, impulse bit the P,D.I. uses less propellant than
the conventional system, The difference in propellant weight is
1.7 to 6,2 percent as the time increases from 102 to 108 seconds.,
The weight of nitrogen used to actuate the positive displacement
injector is shown in Figure D,7. Appendix H shows how the above
data was obtained,

D-2 108



WEIGHT OF NITROGEN USED TO ACTUATE PISTON VS TOTAL IMPULSE
FOR POSITIVE DISPLACEMENT INJECTOR

100 l l
Impulse Bit
1b-sec

Weight of Nitrogen - 1bs

.2
.l
103 2 3 45 104 2 3 4 5 10° 2 3 45
Total Impulse - lb-sec
Figure D.1 109
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PROPELLANT WEIGHT VS TOTAL IMPULSE

1000

500

400

300

200
Solenoid Valves

100

50

40

30

20

10

Propellant Weight - 1bs

10 2 3 4 5 10% 2 3 45 109

Total Impulse - lb-sec

3209 Figure D.2
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POSITIVE DISPLACEMENT INJECTOR
SOLENOID VALVE DATA

WRIGHT AERONAUTICAL DIVISION -

Impulse Total Impulse - 1b, sec.
Bit
100,000
Lb. Sec, 1,000 10,000 250,000
(1)
Equiv, Orifice Dia, - In. .020 .019 0167
Weight 1bs. .15 .15 .15
o1 Power Watts 5 5 5
Response without Open (2) .005 .005 .005
pulse shaping - sec.|Close (3)| .004 .004 .004
Response with Open .001 .001 .001
pulse shaping - sec,.|Close .001 .001 .001
Equiv, Orifice Dia. - In, .051 L0425 .034
Weight 1bs. 5 .5 .15
D Fower Watts 10 9.5 7
Response without Open .01 .01 .005
pulse shaping - sec.|Close .01 .01 .005
Response with Open .002 .002 .001
pulse shaping - sec.|Close .003 .003 .001
Equiv, Orifice Pia, - In, .073 .059 .048
Weight 1bs, .7 .7 .5
1 Power Watts 14 14 10
Response without Open 014 .014 .01
pulse shaping - sec.|Close 014 .014 .01
Response with Open .003 .003 .002
pulse shaping - sec.|Close .0035 .0035 .003
(1) cq=.9
(2) Time from '"on'" signal to valve fully open

Time from "'off"

(3)

Table D.1

CURTISS-WRIGHT CORPORATION

signal to valve completely closed
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APPENDIX E

WEIGHT OF NITROGEN USED IN ACTUATING THE POSITIVE DISPLACEMENT INJECTOR

Total weight of Ny used = WNT = Wya™
Where Wy, = Wt, of Ny used per actuation
m = Number of actuations
Where IT = Total impulse, 1b, sec,

m=—IL-
Al Al yy, = Minimum value of the impulse bit

r
L
Al = Impulse bit, 1b, sec,
é;d%%l) = Error in the impulse bit, or impulse bit accuracy which
A is found as follows:

If it is assumed that the sensitivity of the specific impulse (ISP)
with respect to oxidizer-fuel ratio is negligible, then

WT = Wo + Wf
Where Wp = Weight of propellant injected per stroke
W, = Weight of oxidizer injected per stroke

Weight of fuel injected per stroke
%€ *Vi® = L2(D,¢ +ne)

=
Hh
i

._]S
(]

Where V_ = Volume of oxidizer injected per stroke
VFp = Volume of fuel injected per stroke
Po = Density of the oxidizer
C¢ = Density of the fuel
Do = Diameter of the oxidizer injector piston

Dp = Diameter of the fuel injector piston
Z = Piston stroke

E-1 118
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For optimum accuracy Dg =\/—2_ Z  (Appendix C)
. T 1 a

Now Al= Wy Igp = —SEbE— (036, + D¢ f) (2)
Then A (AI) = 4_Trf2=_[ D, I,,,(o_ D8, AD, + DY AP, + ZDF(’,AD,,--rD:AQa (3)
+(D°"?° fD,:“?;XIS,,A D, + D, AI,gp):l

Divide equation (3) by (2) and regroup terms to obtain (&)

alaD - ] ] ] A€
AT [,(Jgs_f&_)ﬁf' - \:.* gal_gm_)fo'o‘ * () &
! Al | ol
") e T L,
%)

To simplify this expression substitute A, B, C and D for the quantities
within the brackets, then

Al D, De % Ce Lse (5)

A, B, C and D may be evaluated by using the oxidizer-fuel ratio, R

R-.—ML:M— = ..Dﬂz—fﬁ-— 31‘4
v SR T

Equation (5) will give the maximum impulse bit error, however it
would be more realistic to use the RMS value of this error.

119
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(o1 ]

DD, =ADg = ,0002 in.

D, and D¢ depend on the values of AI and Isp

For an operating temperature of 70°F and a temperature range of

40° to 140°F o
O = 0676 (for Na04)

é%ﬁi = ,0391 (for 50-50 NpH, = UDMH)
r

Let Alsp | 45

Isp

The weight of nitrogen per actuation Wys = §¥

Where P = 300 psi

A (.1 +2)

\'
A = Area of actuating piston
R

55.34 Ft/°R

530°R

3
[
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APPENDIX F

PROPELLANT WEIGHT REQUIRED FOR A GIVEN TOTAL IMPULSE

The weight of propellant required for a given total impulse is

Wp = i%L— Where Iy is the total impulse
5P
1f there are variations in specific impulse or oxidizer-fuel ratio (R),
then additional propellant must be supplied to obtain the desired
total impulse, The total weight of propellant required becomes:

= A1/ + AWr
s Gl ey )
2 2
Where RMS AWr - (é&) N (é_w;a (2)
(A!ﬁ) _ITAI” = 4Le _ grror due to I__ variation
WT T I_gp Sp
(1
AR )
AWT) e R(RMS R using RMS &R in equation (5) of
M R (I +R)1 R R
Appendix I (3)

For the positive displacement injector

= WO - VO ?
R== = Vo (4)

Then 4R - &6 | &V | &6 | AVe
R eo VO F VF

andRMS__E- \/(_4_@_) + (é__e_) A?») + _é\_/\:_g_)l

(5)
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Substitute (5) into (3) to obtain the error due to changes in O/F

ratio é&hﬁ%} for the P.D.I.
Wy

For a conventional solenoid valve injector

W AR (A W, Av‘ifp>
R = _TL d__ =
A \ W, / Ve

o, \2
and RMSAR V/h‘ivé;) (2%%!19 (6)
p

When the propellant flow rate is controlled by cavitating venturies

,..
-
)
[}

=G A, 226, \[P-F, (7)

and W, =C, A, V22% [P R, (8)

Where A, and Ag are the throat areas of the venturies
Pg = Propellant feed pressure

P,o and P vf are the oxidizer and fuel vapor pressure

From equations (7) and (8) the RMS errors are

L
|

- A\%:[ 2y, (AA) uz} + oy PF) e a8 )

L

2
é__|( ) ( Pe Pere AR r (10)
W, T 2[P PVFJ P [&_PVFJ Pw-
In (9) and (10) let (é}:__c_af+ (AA_A_)Z .0001
[
AP _ o,
F=2 122
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For 40° to 140°F temperature range
Vo

At 70°F R, = 15 PSIA and Ry = 2.2 PSIA

P = FPe + OPinjector + APyalve + APyenturi

In this study
P, varies with A1 and Iy (Table D.2)
D Pinjector = 97 psi
A Pyalve = 50 psi

A Pyenturi = 0.15 Pf

F-3
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ARe = 3,93 and Lfr= 3,73
R P
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APPENDIX G

IMPULSE BIT AND O/F RATIO ACCURACY

I. Impulse Bit Accuracy

A. For the P.D.I, the impulse bit accuracy is given by equation
(6) in Appendix E,

B, For the conventional solenoid valve injector system, the
impulse bit accuracy is determined as follows:

The impulse bit AI = Isp Wp = [F oAt

Where F = Thrust
t = Time
Wp = Wo + wf for each pulse

-]
Wo = W.T and W, = ﬁfr
T = Time propellant is flowing = Time the valve is open

ﬁo and ﬁf are the oxidizer and fuel weight flow rates,

4 R R
Valve
Flow
Area

T

T -t -1
Jrott = F (1= 27 ) +E¢f:e. Kt (1)
o [-4
-t

Fe=f(l-%" %) (2)
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Substituting equation (2) into (1)

T, © ¢
AlL=[Foft = Fo/(;—z"{“)* F() *«e-%)j..z”{‘ At
o (-]

BOARICRN (BYRE )

(3)
Then p(a1) = I;;PT +(g-tbx$.¢“7ﬁ)ar} +Ai—;[T HY - X1~ "K)J %)
From (4) and (3) !
I 2 2
RMs &AD _ &QQZM 4ar) . (A"'e_)z
Al T+-(1;-7;(,-_2*%6) T 3 (5)

Where T; = thrust buildup time constant
TJ = thrust decay time constant

ian = b
i
AAD AT \* A_&"T
Rus AT = | (% +(F>
(6)
Where AT = .0003 sec, T = ,01 sec,
D
Fo = wt ISp from which |
0 1z
s Ak _|(Awr) -LI"’) (7)
F \&} Isp
W =0 +¢
NOW & o £
G'Z 1:‘2:;
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O/F Ratio = R = Yo
We

a e \2] 2
. ¢ AW
V We o | (R __ QW) ( l v
Then RMS é\;'z- Y Wo) R+ W (8)

éé&itand éégﬁL are given by equations (9) and (10) in Appendix F,
Ws W

II. Oxidizer-Fuel Ratio Accuracy

A, The O/F ratio accuracy of the P,D,I, is given by equation
(5) of Appendix F,

B. The O/F ratio accuracy of the conventional system is given
by equation (6) of Appendix F,

G-3
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APPENDIX H

STABLE LIMIT CYCLE OPERATION

The time domain of the stable limit cycle is shown in the following
figure:

9y

L A e A — — — T

o

|
Al | | DEAD BAND
| ' I
f | ! ~t
AL I I
R 2 D I o _
i [ |
| : '
it, it, Ity
F } I |
N —

Assume the angular velocity between t, and € is 6,

t ot = =246 . 200
B ;

-5
At t = t) a velocity impulse ofA® is added to the vehicle

* é)_ =Aé-é,

Where 52 is the angular velocity between t; and t2

Lot -t, = 20,

2 [ Z&é’—(ﬂ
The time to complete one cycle, t’, is given by
’

t =t, -t =(t2“t/)+(t1—to)

H-1l
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t’ 24 + 2486

g 46-¢

/
. z246(a é.)

1]

A= Alx
J

Where I = Impulse bit
1 = Moment arm of the engine
J = Vehicle moment of inertig
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Assuming él constant over the range O<61<Aé , the average propellant
consumption becomes:

26
w ! al x 6,(A9 —6) \ds,
ave.  Ab I, A6
o

. AlAb
61,JA6

n

PN

gy = LAl AL
ave.” 4I,JA6
(1)

AVs o 6LpJAB | 2dAL 4(48) _ Al (AaDA
Wie  (AD'A |¢LeJAS 611 J A

-2 _.L_Il. Alp
Ip

!
. 2 1%
Then RMS SYae. = \:‘f <-éi——1“ ) + F—‘J-AI )
Wave. Al Le (2)

Combining equations (1) and (2) the total average flow rate of the
propellant becomes

° o A Wi
Wive,r = Yave (’ + RMS —75“5‘) (3)

Wave.

The total weight of propellant required is given by

Wp = (Ave T, (4)

Where T is the length of time in stable limit cycle operation

123
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In this study £ =5 Ft., J = 500 slug ft2, A = ,002 radians,

For the conventional system %l@lfor equation (2) is obtained from
equation (6) of Appendix G,

For the P,D,I. 2?1) in equation (2) is obtained from equation
(6) of Appendix E.

The weight of nitrogen used to actuate the P.D.I. is given by

PA(Z +.1)
WN: = R'(r (per pulse)
Where A = The area of the actuating piston
Z = Piston stroke
R = 55,34 ft/°R
T = 530°R

For the length of time of limit cycle operation "T" this becomes

= PA (Z + ol) m
KA RT
Where 7 = Fﬁ = The number of pulses in time T
W
W=% = Weight of propellant per pulse
sp
W = PA(Zr.)Ws Isp
NoT RT AL )

Wt is obtained from (4)

Hed 130
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APPENDIX 1

PROPELLANT WEIGHT REQUIREMENTS - O/F RATIO DEVIATION

If the oxidizer-fuel ratio deviates from its design value (R) during
englne operation some extra propellant must be carried to insure that
the desired total impulse will be obtained.

Oxidizer weight Wy = "t
1+

Fuel Weight We = WeR yhere W, = Total propellant weight,
14R

With an error in O/F ratio of AR, the O/F ratio will vary from
R (1+48) to R (1 - 48,

Extra oxidizer will be needed in the first case and extra fuel in
the second.

The extra oxidizer is given by

AW, = W R(ﬁ*’ é%éj) - W —R

I+R(1+ 45 ) R ¥

The extra fuel is given by

AW, = Wi - W
|+R(,-A_B.> 1+R (2)
R
ThenAwt =AW, +Awf (3)
RIS - ’ ~1 ®)
N -
RO+ 48) I+R(1-48) -
131
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APPENDIX J

REACTION WHEEL SYSTEM - PRELIMINARY SYSTEM DESIGN

The following analysis was used co evaluate the weight of a single
axls reaction wheel system. This type of system is capable of using
solar energy to supply a maximum power requirement (not total energy)
whereas a comparable mass expulsion system must carry its total energy
in propellant weight,

The system parameters are shown in the following analysis. The
selection of a disturbance, a wheel radius, and a response time defines
the system for various final angular velocities of the wheel. The
assumption of a disturbance of 1/2 of a pulse of the attitude control
engine (110# thrust) resulted in unrealistic weights for wheels less
than 20 ft, in diameter, Thus the assumption of a disturbance equal

to 1.,1# thrust at the 75 ft. vehicle radius was used, This resulted
in the following:

Wheel radius = 1,0 Ft.

System response = 0,010 sec,

Final (max.) velocity 1,0 rad/sec.

System Weight:

Single axis = 724
Three axes = 216
Specification:
1, Scope:

Sizing of a reaction wheel system for vernier control of a space
station. Analysis to be based on the weight of wheel, motor and
energy supply.

2, References:
a. Kurzhals, P,R. and Adams, J,J., '"Dynamics and Stabilization

of the Rotating Space Station', Astronautics, Sept. 1962,
PP 25-29,
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b. Finver, B., '"Inertia Wheel Attitude Control', Internal
Memorandum, W.A.D,, 11/7/62,

¢. Adams, J.J. and Chilton, R.G., "A Weight Comparison of Several
Attitude Controls for Satellites', NASA Memo 12/30/58L,

3. Operation:

a. For any disturbances to or motions required by the vehicle
the attitude control mode will provide gross correction and
the vernier mode will provide fine correction.

b. The vernier mode shall be capable of removing the torque
imparted to the vehicle by one pulse of the attitude control
mode (2x110x75).

4, Physical Properties:
a. Vehicle:
Weight: 150,000 #

Dia, 150 ft.

Moment of inertia in plane axis = 10,500,000 slug ft2

b. Attitude Control Mode:
Ir = 140,000 # sec

Thrust = 110#
Ibit = 1.1 # sec

c. Vernier Control Mode:
IT = 375,000 # sec

Thrust = 1,1#
Ibit = ,011 # sec

5. Ambient Conditions:

Space
6. Electrical:

See Motor Weight Analysis
7. Notes:

a, Modification of item (3) may be required to provide realistic
analysis,

O.‘
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b. Analysis will consider single body axis only and will neglect
gyroscopic interactions,

Analysis:
Symbols:

- Moment of inertia - slug £t2
- Angular acceleration - rad/sec?

= Angular velocity - rad/sec

- Torque - ft, #

Gravitational constant

- Weight - #

- Time - Sec

= Material hoop stress - 120,000 psi
- Material density - #/in3

Power - ft,#/sec

X q et = X OOy
]

v
]

E - Energy - Ft., #
¥ = Radius - Ft,
Subscripts:
W = Wheel
S - Satellite vehicle
Equations:

For a single vehicle axis

Lo, = 7,8 =

. ¢ C &
o A _z"v

o w

for M = Constant

EwZ,, = r7Aat
- — — — — ——(1)
where At corresponds to the number of times the minimum impulse
bit is utilized seconds
(at ,010 Bit )
J=3
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Wheel weight:

Zw
M/w- —Zg
-
and
&
5, = 7 =
w 59”2
using a ,9 safety factor
/= .9 Z;
W 16‘.2
thus
W=I~v7é~z_ rMAt ¥ Sy
i Sz -
(8)" 7 N
- = = —®
and the radius of the wheel
Z,
/;.-: _L!
W
[ )|
Note: Utilizing other inputs of equation (1) provides the
minimum wheel weight and, thus, the largest radius -
the same conditions (equation 1) may be satisfied by allow-
ing the Wy to increase by 100 and thus reducing the Ty
by 10. (See Fig., J.1l)
Power:
P = 1,8, 8, = A6,

This is the power required for acceleration of the wheel to
its maximum velocity.

Energy:

— (5)
J-4 136
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« Total Impulse
Impulse Bit Thrust

at s

Component Weights:

Motor: Wy = f (HP)

See Figure J.2 ___ —(6)
Solar Cells: Wge = f (watts)

From Ref, '"C" 0.3 #

watt — — T —— @

for constant solar orientation
Batteries:

Wp = £ (total energy)

See Figure J.3 __(8)

A realistic system would use the solar cells as a primary
power supply with only a small battery system, (Ref, ''C").

Thus: wPower = 0,4 # (9)

The following is a weight analysis for two disturbing torques.

Case 1, .,
ﬁ‘mm = 2?“”0"rw¢usrx Ty Bapros = FIZS5 Fra
at = é%glfa/o).=CL50 S&C.
Case 2,
’(//le. = /X)) et TEOST x 75 Fr Eaoros = S2.&5 Fra
At= s( 0r0) = .0r0 IEC.

Case 1. corresponds to the initially assumed conditions (see
par, 3b) modified to a maximum torque of 1/2 of one engine firing.

137
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It is observed that the reaction wheel weight is insignificant
Also, the corresponding radii are physically unrealistic,

Thus the weights were recomputed for a 1,0 ft. radius wheel with
the same moment of inertia, (See equation 3),

Case 3, M = 4125 ft #
At = 0,5 sec,

ry, = 1,0 ft

Case 4, M = 82,5 ft #

At 0,010 sec,

T 1,0 ft

w

Further, in equation (1), the At can be defined as the reaction
wheel system response as opposed to the present impulse bit
definition,

Thus :

Case 5, M = 4125 ft #

At 0,010 sec.

r, = 1.0 ft

This At becomes unrealistic for motors > 0.1 HP - however the
data is included for comparison,

The weights for the above cases are tabulated in tables J,1 and J.2.
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REACTION WHEEL CHARACTERISTICS

Iw VS, Ww
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REACTION WHEEL
MOTOR DATA

Linearized Weight

Estimate Curve

3 45 1 2 3 45 10
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Figure J.2
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ENERGY OUTPUT PER UNIT WEIGHT
SINGLE CELL BATTERY PERFORMANCE

Estimate Curve

. Linearized Weight

Energy - watt hours
W~
o O

Filled Cell Weight - pounds

(1.5 Volts/Cel1)

31268 Figure J. 3 l 1 1
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REACTION WHEEL SYSTEM WEIGHT ANALYSIS

Case 1 M=4125 Ft, #
Item Units
Oy rad/sec
Iy slug-Ft2
Wiy #
T, Ft
Power Ft-#/sec
Ik
Watts
Energy Watt Hrs,
W Pwr Sply #
W Motor i
= Weight #
Case 2 M = 82,5 Ft, #
5
Ty
i, # x10™%
T, Ft xlO+2
Fower Ft-#/sec
HP
Watts
Energy Watt Nrs,
W Pwr Sply #
W Motor #
< Weight #

WRIGHT AERONAUTICAL DIVISION

0.01
71250
.000255
94800

41,25

.075
55.9

22,4
.3

22,7

0.01
82.5
.00296
948
.825
.0015
1.126

53

.006

456

Table J.1

0.1
7125
.00255
9480

412.,5

«75
559

224

227

8,25
.0296
94,8
8.25
.015
11,26
530

4.5

4,56

* CURTISS-WRIGHT CORPORATION

1.0 10
712.5 71.25
.0255 «255
948 9.8
4125 41250
7.5 75
5590 55900
2240 22400
30 300
2270 22700
1.0 10
.825 .0825
<296 2,96
9.48 . 948
82,5 825
.15 1.5
112,6 1126
5300 53000
45 450
.6 6
45,6 456
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100
7.125
2,55
9.48

412500

750
559000

224000
3000

227000

100
.00825
29.6
.0948
8250

15
11260
530,000
4500

60

4560



REACTION WHEEL SYSTEM WEIGUT ANALYSIS

ow rad/sec 0.01 0.1 1.0 10 100

Case 3 M = 4125 Ft. # 1y =1.0 Ft.

Fixed Weight (Motor + # 22.7 227 2270 22700 227,000
Power) 3

Wheel Weight # 23x10° 23x104  23x103 23x102 230
Total Weight # 2,300,022 230,227 25,270 250,000 227,230
Case 4 M = 82,5 Ft. # r = 1.0 Ft.

Fixed Weight # 456 4,56 45,6 456 4560
Wheel Weight # 2650 265 26.5 2.65 .265
Total Weight # 2650 270 72.1 459 4560

Case 5 M = 4125 Ft. # 1ty = 1,0 Ft. &t = 0.010 Sec.

Inertia y slug-Ft? 4125 412.5 41,25 4.125 4125

Wheel Weight # 140,000 14,000 1400 140 14

Fixed Weight # 22.7 227 2270 22700 227,000

Total Weight # 140,022 14,227 3670 22840 227,014
Table J.2 143
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APPENDIX K

FAILURE MODE ANALYSIS

The results of a Failure Mode Analysis for a Positive Displacement
Injector of the pressure actuated piston type and for solenoid valves
common to a conventional bi-propellant attitude control system are
contained in tables K,1 thru K.3.
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Langley Research Center
Langley Field, Virginia

Lewis Research Center
21000 Brookpark Road
Cleveland 35, Ohio

Marshall Space Flight Center
Huntsville, Alabama

Manned Spacecraft Center
Houston, Texas
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Advanced Research Projects Agency
Pentagon, Room 3D154
Washington 25, D.C.

Aeronautical Systems Division
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

Alr Force Missile Development Center
Holloman Air Force Base, New Mexico

Air Force Missile Test Center
Patrick Air Force Base, Florida

Air Force Systems Command, Dyna-Soar
Air Force Unit Post Office
Los Angeles 45, California

Army Ordnance Missile Command
Redstone Arsenal, Alabama

Armed Services Technical Information Agency
Arlington Hall Station
Arlington 12, Virginia

Arnold Engineering Development Center
A, E. 0. R,
Tullahoma, Tennessee
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Bureau of Naval Weapons
Department of the Navy
washington 25, D.C.

Central Intelligence Agency
2430 E Street, N. W.
Washington 25, D. C.

Headquarters, United States Air Force
Washington 25, D. C.

Office of Naval Research
Washington 25, D. C.

Picatinny Arsenal
Dover,
New Jersey

Rocket Research Laboratories
Edwards Air Force Base, California

U. S. Naval Ordnance Test Station
China Lake,
California

U. S. Atomic Energy Commission
Technical Information Services
Box 62

Oak Ridge, Tennessee

Liquid Propellant Information Agency
Johns Hopkins University

Applied Physics Laboratory

8621 Georgia Avenue

Silver Spring Maryland
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Aerojet-General Corporation
P.0. Box 296
Azusa, California

Aerojet-General Corporation
P. 0. Box 1947
Sacramento 9, California

Aeronutronic

A Division of Ford Motor Company
Ford Road

Newport Beach, California

Aerospace Corporation
2400 East El1 Segundo Boulevard
El Segundo, California

Arthur D. Little, Inc.
Acorn Park
Cambridge 40, Massachusetts

Astropower, Inc., Subsidiary of
Douglas Aircraft Company, Inc.
2968 Randolph Avenue

Costa Mesa, California

Astrosystems, Inc.
82 Naylon Avenue
Livingston, New Jersey

Atlantic Research Corporation
Edsall Road and Shirley Highway
Alexandria, Virginia

Beech Aircraft Corporation
Boulder Facility

Box 631

Boulder, Colorado
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1 Bell Aerosystems Company
P. 0. Box 1
Buffalo 5, New York

1 Bendix Systems Division
Bendix Corporation
Ann Arbor, Michigan

1 Boeing Company
P. 0. Box 3707
Seattle 24, Washington

1 Convair (Astronautics)
Division of General Dynamics Corporation
P. 0. Box 2672
San Diego 12, California

1 Curtiss-Wright Corporation
Wright Aeronautical Division
Wood~-ridge, New Jersey

1 Douglas Aircraft Company, Inc.
Missile and Space Systems Division
3000 Ocean Park Boulevard
Santa Monica, California

1 Fairchild Stratos Corporation
Aircraft Missiles Division
Hagerstown, Maryland

1 General Electric Company
Missile and Space Vehicle Department
Box 8555

Philadelphia, Pennsylvania

1 General Electric Company
Rocket Propulsion Units
Building 300
Cincinmnati 15, Ohio
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Grumman Aircraft Engineering Corporation
Bethpage, Long Island, New York

Kidde Aero-Space Division
Walter Kidde and Company, Inc.
675 Main Street

Belleville 9, New Jersey

Lockheed Aircraft Corporation
Missile and Space Division
Sunnyvale, California

Lockheed Propulsion Company
P. 0. Box 111
Redlands, California

Marquardt Corporation
16555 Saticoy Street
Box 2013 - South Annex
Van Nuys, California

Martin Division
Martin Marietta Corporation
Baltimore 3, Maryland

Martin Denver Division
Martin Marietta Corporation
Denver, Colorado

McDonnell Aircraft Corporation
P. 0. Box 6101
Lambert Field, Missouri

North American Aviation, Inc.

Space & Information Systems Division
Downey, California

Northrop Corporation

1001 East Broadway
Hawthorne, Califormia
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Pratt & Whitney Aircraft Corporation
Florida Research & Development Center
West Palm Beach, Florida

Radio Corporation of America
Astro-Electronics Division
Defense Electronic Products
Princeton, New Jersey

Reaction Motors Division
Thiokol Chemical Corporation
Denville, New Jersey

Republic Aviation Corporation
Farmingdale
Long Island, New York

Rocketdyne (Library Dept. 586-306)
Division of North American Aviation, Inc.
6633 Canoga Avenue

Canoga Park, California

Space General Corporation
9200 Flair Avenue
El Monte, California

Space Technology Laboratories
P. 0. Box 95001

Airport Station

Los Angeles 45, California

Stanford Research Institute
333 Ravenswood Avenue
Menlo Park, California

TAPCO Division
Thompson-Ramo-Wooldridge, Inc.
23555 Euclid Avenue

Cleveland 17, Ohio
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Thiokol Chemical Corporation
Redstone Division
Huntsville, Alabama

United Aircraft Corporation
East Hartford Plant

400 Main Street

Hartford, Connecticut

United Technology Corporation
587 Methilda Avenue
Sunnyvale, California

Vought Astronautics

Box 5907
Dallas 22, Texas
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